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Due  to  their  physical  and  chemical  instability,  Langmuir-Blodgett  (LB)  films  of 
low  molecular  weight  materials  have  not  found  wide  application.  Therefore,  much  effort 
has  been  put  toward  the  study  of  polymeric  Langmuir  and  LB  films.  In  addition  to 
improved  stability,  the  controlled  molecular  orientation  and  film  thickness  makes  then- 
study  important.  Two  types  of  Langmuir  film  polymerizations  were  studied  in  this 
dissertation.  The  first  was  the  polymerization  of  sulfonium  salt  precursors  to  form 
poly(phenylenevinylene)  derivatives  and  the  second  incorporated  metal  ions  from  the 
subphase  into  the  backbone  of  lophine  derivatives. 

Langmuir  films  of  amphiphilic  sulfonium  salts  were  studied  on  both  water  and 
basic  subphases  and  then  polymerized  on  a basic  subphase.  The  films  were  collected  and 
analyzed  by  UV-vis  and  fluorescence  spectroscopy,  gel  permeation  chromatography,  and 
FTIR.  These  results  indicated  that  the  monomer  was  successfully  polymerized  to  form  a 


XII 


partially  eliminated  sulfonium  salt  precursor  polymer  of  PPV  in  a Langmuir  environment. 
This  method  allowed  the  preparation  of  a base-sensitive,  ester  substituted  PPV. 

A series  of  lophine  derivatives  were  prepared  so  that  metal  complexation  and  film 
formation  behavior  could  be  studied.  It  was  determined  that  lophine  derivatives 
selectively  form  complexes  with  Cu(II)  chlorides  or  ions  and  that  less  planar  derivatives 
form  complexes  to  a greater  extent.  When  the  derivatives  were  made  amphiphilic,  it  was 
possible  to  form  Langmuir  monolayers.  In  some  cases,  the  films  could  be  stabilized  by 
adding  Cu(II)chloride  to  the  subphase.  Subphase  composition  affected  the  type  of  LB 
film  formed.  The  transfer  ratios  indicated  the  formation  Y-  and  Z-type  films,  which  were 
specific  to  each  amphiphile  and  subphase.  X-ray  photoelectron  spectroscopy  data 
provided  evidence  that  the  films  were  polymeric  in  nature  and  X-ray  diffraction  data 
supports  the  formation  of  parallel,  Z-type  layers  of  the  amphiphile,  2-(4'-nitrophenyl)-4,5- 
(4'-octaoxyphenyl)imidazole. 

Sulfonium  salt  derivatives  of  lophine  can  be  synthesized  in  good  yields  and 
copolymerized  with  alkyl  substituted  monomers  in  a Langmuir  environment.  The  solution 
polymerizations  were  less  successful  under  the  conditions  used.  The  sensitivity  of 
fluorescence  analysis  made  it  a more  useful  tool  than  absorption  techniques  to  study  the 
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Langmuir  film  produced  polymers. 


CHAPTER  1 
INTRODUCTION 


1 . 1 Polvt  phenvlenevinvlene) 

Research  at  the  Dow  Chemical  Company  on  bis-sulfonium  salts  was  initiated  by 
Turner  Alfrey  in  1964.1  Alfrey  and  co workers  were  preparing  a series  of  condensation 
polymers  based  on  p,p’-oxydiphenylene  dimethylene-bis-dimethylsulfonium  chloride  (a 
bis-sulfonium  salt),  which  had  underwent  ion  exchange  to  form  the  hydroxide  salt.  Linear 
condensation  polymers  were  prepared  by  reacting  the  bis-sulfonium  salts  with  a 
difunctional  anionic  nucleophile  like  terephthalate  (terephthalic  acid  neutralized  by  the 
hydroxide). 

The  unique  behavior  of  /?-xylyenebis(tetrahydrothiophenium  chloride)  was 
discovered  when  it  was  passed  through  an  ion  exchange  column  and  a yellow-green  syrup 
eluted.  The  material  was  identified  as  poly(phenylenevinylene)  (PPV): 


PPV  was  known  and  had  been  prepared  by  other  methods.  For  example,  McDonald  and 
Campbell  prepared  oligomers  of  this  material  via  Wittig  chemistry,  but  the  molecular 
weight  was  low  (6-8  repeat  units)  due  to  insolubility. 2 
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2 

At  this  time,  work  on  the  condensation  polymers  was  terminated  due  to  poor 
results,  and  the  synthesis  and  study  of  PPV  became  the  research  focus.  It  was  believed 
that  the  highly  conjugated  nature  of  the  material  would  produce  unique  temperature 
stability  and  electrical  properties. 

1.1.1  Polymerization  Mechanism 

The  mechanism  of  this  reaction  was  originally  proposed  by  M.  Hatch  and  was 
presented  by  Wessling  in  1985  (Figure  1 . 1).1  In  this  proposed  mechanism,  p-xylyenebis 
(tetrahydrothiophenium  chloride)  (A)  reacts  with  a base  to  form  an  ylide  (B).  The  ylide 
undergoes  a 1,6  elimination  to  form  a monomer  of  quinodimethane  (C)  with  an  exocyclic 
dialkyl  sulfonium  substituent  group.  C dimerizes  tail  to  tail  to  form  a diradical  (D). 

Radical  chain  propagation  proceeds  from  both  ends  of  D to  form  precursor  polymer  (E). 
The  precursor  is  cast  as  a film  and  upon  annealing,  PPV  (F)  is  generated  via  an  E2  or  Elcb 
mechanism.3'6  There  has  been  much  debate  on  the  mechanism  since  its  proposal,  but  after 
much  discussion  and  experiment,  this  mechanism  is  felt  to  be  accurate  in  most  details.  The 
following  paragraphs  will  summarize  the  high  points  of  this  debate. 

The  mechanism  of  the  coupling  of  p-nitrobenzyldimethylsulfonium  chloride  at  high 
pH  to  form  p,p’-dinitrostilbene  was  well  established  and  Alffey  suggested  that  a similar 
step-growth  mechanism  followed  by  elimination  may  be  operative. 1 However,  based  on 
viscosity  measurements,  it  was  apparent  that  high  molecular  weight  polymer  was  formed 
early  in  the  reaction,  suggesting  a chain  type  mechanism. 

The  first  step  in  the  mechanism  was  confirmed  by  Hatch,  who  showed  that  benzyl 
sulfonium  salt  would  react  with  aldehydes  in  basic  aqueous  solutions  to  form  epoxides.  In 


3 

other  words,  the  ylide  (B)  was  trapped  by  the  aldehyde.  The  reversibility  of  ylide 
formation  was  addressed  by  Lahti  et  al.  in  deuterium  exchange  NMR  experiments.7 


Figure  1.1.  Hatch’s  mechanism  of  PPV  formation. 


The  formation  of  the  quinodimethane  monomer  (C)  has  been  monitored  by  UV-vis 
experiments.  Wessling  reported  that  during  the  polymerization,  a band  at  3 15  nm  appears 
when  the  solution  pH  was  greater  than  10.  Similar  results  were  reported  by  Lahti  et  al. 
for  a series  of  ring  substituted  benzyl  sulfonium  salts.7  UV-vis  bands  were  observed  in  the 
3 1 0-330  nm  region  and  did  not  shift  to  a longer  wavelength  with  time.  These  bands 
increased  in  intensity  during  the  first  10  min  of  the  reaction  and  then  gradually  decreased 


over  the  following  hour. 
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In  1988,  Lahti  et  al.  proposed  an  anionic  mechanism  for  this  polymerization  that 
was  based  mainly  on  negative  evidence  obtained  from  the  study  of  the  radical  mechanism.7 
It  was  reported  that  when  0.1  to  1.0  equiv  of  the  radical  trap,  TEMPO,  was  added  to  the 
reaction  mixture,  no  ESR  signal  reduction  was  observed  during  polymerization,  though 
the  characteristic  yellow  color  of  the  reaction  was  present.  Further,  phenyl-N-(tert- 
butyl)nitrone,  which  can  trap  transient  radicals  as  the  stable  nitrone  radical,  was  added  to 
the  reaction  mixture,  but  no  ESR  signal  was  produced  during  polymerization.  No 
molecular  weight  characterization  studies  were  reported. 

In  1992,  Denton  et  al.  developed  a technique  to  study  the  precursor  polymer  (E) 
molecular  weight  by  GPC,  which  greatly  aided  the  mechanistic  studies.8  The  GPC  results 
indicated  degrees  of  polymerization  of  ca.  7 700  repeat  units,  meaning  that  less  than  0.1% 
of  the  bis-sulfonium  salt  monomers  participate  in  initiation  under  typical  conditions. 
Further,  it  was  found  that  radical  traps,  including  TEMPO,  significantly  repressed  the 
formation  of  high  molecular  weight  polymer.  It  was  apparent  that  the  earlier  study  was 
flawed  in  that  the  number  of  propagating  chains  was  grossly  overestimated  and  the 
amount  of  TEMPO  used  overwhelmed  the  ESR  signal.  A few  other  groups  have 
presented  studies  that  support  the  anionic  mechanism;9,10  however,  the  thorough  work 
presented  by  Denton  in  his  dissertation  provided  evidence  that  makes  the  radical 
mechanism  difficult  to  dispute.11  Further,  Denton  presented  GC-MS  experiments  that 
were  used  to  investigate  the  nature  of  the  initial  coupling  reaction.  Hatch  had  proposed  a 
tail  to  tail  (TT)  initial  coupling  as  it  was  felt  that  this  configuration  would  have  less 
tendency  to  cyclize  due  to  steric  and  columbic  interactions  and  that  high  molecular  weight 
polymer  would  form  rapidly  due  to  head  to  tail  addition  at  both  chain  ends.1  Denton 
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designed  his  experiments  (dilute  conditions,  oxygen  saturatation  during  the  reaction)  such 
that  the  reaction  could  be  terminated  after  dimerization  and  then  reduced  with  NaBH4. 
Though  numerous  products  were  extracted  and  analyzed  by  GC-MS,  none  gave  any 
evidence  of  TT  type  couplings,  though  there  was  an  abundance  of  products  that  suggested 
HT  type  couplings. 

1,1.2.  Reaction  Considerations 

Factors  such  as  ring  substitution,  water  solubility,  choice  of  sulfonium  derivative, 
choice  of  counter  ion,  oxygen  presence,  temperature,  and  pH  affect  the  ultimate  molecular 
weight  and  quality  of  the  resulting  polymer.  Therefore,  these  factors  must  be  considered 
when  carrying  out  PPV  polymerizations. 

1 , 1, .2. 1 Sulfonium  derivative 

Wessling  reported  that  the  bisdiethylsulfonium  salt  polymerized  103  time  faster 
than  bisdimethylsulfonium  salt  and  that  it  was  more  resistant  to  elimination  reactions.1  The 
faster  reaction  times  were  attributed  to  the  amount  of  free  sulfide  in  the  reaction  solution. 
The  1,6  elimination  (Figure  1.1,  B-  C)  is  a reversible  reaction,  and  if  the  concentration  of 
dialkyl  sulfide  is  high,  the  reaction  will  be  driven  toward  the  starting  material.  Therefore, 
because  dimethylsulfide  (DMS)  is  more  water  soluble,  this  reaction  is  driven  more  toward 
the  left.  The  solubility  effects  can  be  reduced  by  adding  a layer  of  toluene  or  pentane  that 
can  act  to  extract  the  DMS  as  it  is  released.  Lenz  et  al.  explored  this  area  by  examining 
the  salts  prepared  from  tetrahydrothiophene  (THT)  and  tetrahydrothiopyran  (THP).12 
Results  indicated  that  both  the  molecular  weight  and  the  yields  were  higher  for  the  THT 
salt  when  compared  to  the  DMS  salt.  The  THP  monomer  resulted  in  the  highest 
molecular  weights,  but  the  polymer  yields  were  significantly  lower. 
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The  type  of  salt  (DMS,  diethylsulfide,  THT,  or  THP)  used  also  appears  to  affect 
the  thermal  elimination  reaction  (Figure  1.1,  E - F).  Lenz  et  al.  reported  that  TGA 
analysis  showed  that  all  four  polymers  underwent  sharp  weight  losses  at  temperatures 
between  100  and  130  °C  and  less  significant  weight  losses  between  230  and  240°  C. 12 
However,  elemental  analysis  data  of  the  resulting  polymers  showed  that  there  were  large 
amounts  of  S and  Cl  in  the  polymers  generated  from  the  dialkyl  sulfonium  chlorides  and 
only  trace  amounts  of  these  elements  in  the  polymers  prepared  from  the  cycloalkylene 
sulfonium  salts.  From  these  results,  it  was  apparent  that  the  solid  state  elimination 
reactions  of  the  cyclic  sulfide  groups  form  vinylene  units  in  higher  yields  when  compared 
to  those  of  the  dialkylsulfide  group.  The  researchers  suggested  that  the  cyclic  sulfonium 
substituents  reduced  side,  nucleophilic  substitution  reactions. 

1 • 1 .2.2  Counter  ion  effects 

The  choice  of  counter  ion  has  been  the  topic  of  much  investigation  as  it  plays  an 
important  role  in  the  thermal  generation  of  PPV  from  its  precursor  polymer  (Figure  1 . 1,  E 
-*  F).  In  1987,  Montaudo  et  al.  studied  the  chemical  structures  of  the  compounds  that 
evolved  during  the  thermal  conversion  of  precursor  polymer  with  chloride  and  bromide 
counter  ions  to  PPV  using  direct  pyrolysis-mass  spectrometry.5  The  results  of  that  study 
indicated  that  using  a bromine  counter  ion  results  in  a more  complete  conversion  to  frilly 
conjugated  PPV  at  lower  temperatures  and  that  side  reactions  are  greatly  reduced.  In 
1992,  Garay  et  al.  confirmed  this  result.13 
1 . 1 .2.3  Reaction  atmosphere 

Wessling  reported  that  when  PPV  polymerizations  were  done  under  air,  the 
reaction  rates  were  similar  to  those  done  in  an  oxygen-free  environment,  but  that  polymer 
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solution  viscosities  were  sharply  reduced.1  Work  by  Denton  et  al.  showed  that  when  small 
amounts  of  oxygen  were  allowed  into  the  reaction,  a bimodal  molecular  weight 
distribution  was  observed  in  the  GPC  analysis  and  that  the  low  molecular  weight  portion 
of  the  polymer  could  be  eliminated  by  rigorous  oxygen  exclusion  from  the  reaction 
environment.8 

1 . 1 .2.4  Reaction  temperature 

Reaction  temperature  is  an  important  consideration  in  PPV  preparation  that  greatly 
affects  molecular  weight.  The  formation  of  precursor  polymer  is  usually  carried  out  at 
0°C.  Early  work  reported  by  Wessling  showed  that  the  polymerization  occurred  faster 
when  the  reaction  was  carried  out  at  25  ° C,  but  that  the  solution  viscosities  were 
markedly  lower  when  compared  to  material  produced  at  0 ° C.  One  possible  reason  for 
this  occurrence  is  that  at  higher  temperatures,  elimination  of  the  sulfonium  salt  moiety 
competes  with  polymerization,  thus  terminating  the  reaction. 

1 . 1 . 2 . 5 Base  concentration 

In  work  reported  by  Wessling  it  was  shown  that  the  quinoidal  species  (Figure  1.1, 
C)  (considered  the  true  monomer  of  this  reaction)  could  not  be  detected  by  UV  methods 
when  the  solution  pH  was  below  10.1  However,  at  pH  greater  than  10,  the  formation  rate 
of  absorbing  species  increased  markedly.  In  general,  the  ratio  of  base  to  monomer  used  in 
PPV  polymerization  is  one,  because  an  excess  of  base  can  lead  to  elimination  (Figure  1.1, 
E - F)  and  subsequent  precipitation. 

1.1.3  Substituted  PPV 

The  rigid  nature  of  the  PPV  backbone  makes  it  difficult  to  process;  therefore,  the 
addition  of  functional  groups  to  the  phenylene  ring  has  been  studied.  Substituents  can 
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affect  the  reactivity  of  the  monomer  and  the  solubility  and  reactivity  of  the  polymer.  To 
date,  most  studies  have  concentrated  on  the  effects  of  alkoxy,14'16  alkyl,15,1718  halogen,16,19 
and  nitro20,21  substituted  PPV. 

In  addition  to  improved  solubility  in  organic  solvents,  alkoxy  substituents  on  PPV 
reduce  the  polymer’s  oxidation  potential.  For  example,  poly(2,5-dimethoxy-l,4- 
phenylenevinylene)  can  be  doped  with  iodine  and  has  a conductivity  of  10-100  S cm'1, 
while  PPV  is  not  dopable  with  iodine. 

In  order  to  study  the  effects  of  PPV  substituted  with  both  electron  donating  and 
withdrawing  substituents,  Jin  et  al.  reported  the  properties  of  bromo  and  nitro  substituted 
methoxy-PPV.16  The  researchers  determined  that  the  bromo  substituent  was  not 
significantly  electron  withdrawing  to  effect  a meaningful  change  in  the  optical  properties 
or  electrical  conductivity  of  the  polymer.  However,  the  incorporation  of  the  nitro  group 
lead  to  decreased  polymerization  rates  and  reduced  molecular  weights. 21  Further,  the 
UV-vis  spectra  were  blue  shifted  relative  to  that  of  PPV.  This  blue  shift  was  attributed  to 
the  presence  of  two  substituents  on  the  ring,  which  may  have  sterically  disrupted  the 
planarity  of  the  polymer  backbone  and  reduced  7t -electron  overlap.  It  was  noted  that  the 
incorporation  of  the  4-10  mole  % of  2-methoxy-5-nitro-l,4-phenylenevinylene  into  PPV 
remarkably  improves  the  doping  ability  of  iodine. 

1.1.4  Photoluminescence  Studies 

The  term  photoluminescence  is  the  study  of  both  fluorescent  and  phosphorescent 
phenomena  and  is  among  the  most  sensitive  analytical  techniques  available.22  The  most 
intense  luminescent  behavior  results  from  aromatic  functional  groups  with  low  energy 
7i  -7i  * transition  levels.  Further,  fluorescence  is  particularly  favored  in  molecules  with 
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planar  structures.  The  aromatic  and  planar  nature  of  PPV  makes  it  an  ideal  candidate  for 
study  by  fluorescence  and  application  in  light  emitting  diodes  (LEDs). 

PPV-based  organic  LEDs  were  developed  by  Burroughes  et  al.  in  1990, 23  and 
since  that  time  there  has  been  considerable  interest  in  better  understanding  the 
recombination  mechanisms  and  their  dependence  on  polymer  morphology.24,25  There  have 
also  been  numerous  investigations  into  gaining  control  over  the  emission  color  and 
efficiency  of  materials  such  as  PPV.  It  has  been  shown  that  by  adding  substituents  25,26  or 
defects 27'32  to  the  PPV  backbone  that  the  luminescent  properties  can  be  controlled. 

One  method  of  gaining  control  over  the  color  and  efficiency  of 
electroluminescence  and  photoluminescence  is  through  control  of  the  conjugation  lengths 
by  introducing  flexible  linkers  in  the  polymer  backbone.28'30  These  types  of  polymers  are 
usually  prepared  via  Wittig  chemistry,  which  allows  for  better  control  over  co-monomer 
content.  Hay  and  Klavetter  found  a systematic  red  shifting  of  the  photoluminescence  as 
the  mole  percent  of  the  flexible  spacer  was  reduced  and  that  spacer  length  had  no  effect  on 
the  luminescence  color.28  Hu  and  Karasz  explored  improving  the  quantum  efficiency  of  a 
similar  polymer  system  by  creating  phase  separated  hard/soft  block  regions  within  the 
polymer.29 

Faraggi  et  al.  reported  the  electroluminescence  and  photoluminescence  results  of 
partially  replacing  the  benzene  rings  of  PPV  with  more  electron-rich  naphthalene  units.26 
The  naphthalene  units  were  incorporated  into  the  backbone  through  the  1,4  or  2,6 
positions  on  the  naphthalene,  creating  two  different  polymers.  A significant  red  shift  was 
observed  when  the  concentration  of  the  1,4-naphthalene  unit  was  increased  to  above  40%, 
but  no  red  shift  was  observed  at  all  concentrations  of  the  2,6-naphthalene  unit.  The  results 
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were  attributed  to  a reduced  band  gap  in  the  former  polymer  and  increased  torsion  and 
reduced  conjugation  lengths  in  the  polymer  main  chain,  due  to  the  bulky  nature  of  the 
naphthalene,  in  the  latter  polymer.  Similar  conclusions  were  reported  by  Hsieh  et  al.  for 
poly(2,3 -diphenyl- 1 ,4-phenylenevinylene).27 

Recently,  Yoon  and  Shim  33,34  and  Bao  et  al.35  have  reported  the  synthesis  and 
polymerization  of  more  complex  PPV  monomers  that  may  find  use  in  LEDs.  Yoon  and 
Shim  have  tethered  the  NLO  active  chromophore  Disperse  Red  1 onto  a PPV  backbone. 
PPV  was  chosen  for  study  because  of  its  structural  rigidity,  which  may  lead  to  stable  polar 
structures  and  its  third  order  NLO  properties.  It  was  concluded  that  good  quality  films 
were  produced  with  high  second-order  NLO  properties  when  compared  to  other  PPV 
derivatives.  Third-order  NLO  activity  was  also  observed.  Bao  et  al.  have  designed  a PPV 
based  polymer  that  contains  a side  chain  oxadiazole  moiety  for  use  as  a single-layer  LED. 

1.2  Langmuir  and  Langmuir-Blodgett  Films 
The  study  of  monolayer  films  began  in  1765  with  Benjamin  Franklin’s  famous 
experiments  in  Clapham,  England.  He  found  that  when  a teaspoon  of  oil  was  poured  onto 
a pond  that  the  oil  spontaneously  spread  over  the  water  and  had  a calming  effect  on  the 
surface.36'37  In  1890,  Lord  Rayleigh  documented  the  surface  tension  effects  of  oil  films 
and  calculated  the  approximate  film  thickness  on  water.38"43  This  discovery,  together  with 
the  development  of  what  is  known  today  as  the  Langmuir  trough  by  Agnes  Pockels, 44-46 
laid  much  of  the  ground  work  for  what  later  became  known  as  Langmuir  film  techniques. 

In  1915,  while  at  General  Electric,  Irving  Langmuir  began  developing  the 
experimental  and  theoretical  concepts  that  are  used  to  understand  the  behavior  of 
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molecules  in  a monolayer.  In  a series  of  papers  published  between  1917  and  1919, 
Langmuir  established  the  orientation  of  the  molecules  at  the  interface,  the  spreading 
mechanism,  the  quantification  of  the  molecular  area,  and  the  conditions  necessary  for 
monolayer  formation.47'50  For  this  body  of  work,  Langmuir  was  awarded  the  Nobel  Prize 
in  Chemistry  in  1932.  Langmuir  also  developed  a number  of  new  techniques,  including  a 
film  balance  that  bears  his  name.48  In  1919,  while  working  at  General  Electric,  Katherine 
Blodgett  transferred  fatty  acid  monolayers  to  glass  substrates  and  prepared  multilayers  of 
these  films.52, 53  These  films  are  termed  Langmuir-Blodgett  (LB)  films. 

1.2,1.  Langmuir  Film  Formation 

A surfactants  ability  to  form  a monolayer  at  an  interface  is  dependent  on  its  ability 
to  reduce  the  interface’s  surface  energy.53  The  free  energy  difference  gives  rise  to  surface 
tension,y0,  in  a material.  In  homogeneous  materials,  the  surface  tension  is  defined  as  the 
change  in  the  material’s  Gibbs  free  energy  with  change  in  interfacial  area.  A,  at  constant 
temperature,  T,  volume,  V,  and  number  of  moles,  n: 


Yo 
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Equation  1 . 1 expresses  the  work  required  to  increase  the  surface  area  of  a material. 

In  1910,  Hardy  documented  work  showing  that  amphiphilic  molecules,  with 
hydrophilic  and  hydrophobic  characteristics,  successfully  formed  monolayer  films  at  the  air 
aqueous  interface.54  These  types  of  molecules  are  referred  to  as  surfactants  and  are 
situated  at  the  interface  such  that  the  hydrophilic  (polar)  ends  are  submerged  in  the 
subphase  while  the  hydrophobic  (nonpolar)  ends  are  oriented  away  from  the  subphase. 
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When  a substance  is  spread  at  the  interface,  one  of  three  things  can  happen:  it  can 
mix  with  the  subphase,  it  can  form  a lens  with  greater  than  monomolecular  thickness  at  the 
interface,  or  it  can  spread  over  the  subphase  surface.  The  following  discussion  will  focus 
on  the  latter  two  possibilities.  The  potential  for  the  formation  of  a lens  or  a monolayer  can 
be  described  by  the  spreading  coefficient  (Sb/a),  which  is  related  to  the  surface  tension  of 
the  components  by  the  equation: 

Sb/a=Ya-  Yb-Yab  0 -2) 

where  Ya>  Yb>  and  yab  are  the  interfacial  tensions  of  the  subphase,  the  substance  spread, 
and  that  between  the  subphase  and  spread  solution,  respectively.  If  the  spreading 
coefficient  is  positive,  then  spreading  is  spontaneous  due  to  a decrease  in  free  energy,  but 
if  the  coefficient  is  negative,  then  a lens  will  form. 

12  2 Surface  Pressure 

A material’s  surface  tension  can  be  reduced  by  the  adsorption  of  another 
component  at  its  surface.  For  example,  the  addition  of  small  amount  of  butanol  to  water 
reduces  the  surface  tension  of  the  water.  This  decrease  is  caused  by  the  formation  of  an 
oriented  monolayer  of  butanol  at  the  water  surface.  If  the  Gibbs  free  energy  of  the  surface 
were  not  reduced  by  butanol,  there  would  be  no  preferential  adsorption  and  the 
composition  of  the  surface  would  be  the  same  as  the  bulk.  However,  by  forming  a 
monolayer  at  the  interface,  the  surface  tension  of  the  interface  is  reduced.  This  adsorption 
process  is  driven  by  this  decrease  in  the  overall  energy  of  the  system.  The  decrease  in  the 
surface  tension  is  defined  as  the  surface  pressure,  tt : 


* = Yo-Y  (13) 

where  y0  and  y are  the  surface  tensions  of  a clean  surface  and  a surface  with  a film. 
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respectively.  In  Langmuir  film  work,  the  surface  pressure  is  usually  expressed  in  mN  m"1 
and  it  is  common  practice  to  monitor  n as  a function  of  mean  molecular  area  (A).55  n-A 
Isotherm  plots  are  produced  by  this  technique. 

1.2.3  Apparatus 

The  equipment  used  for  Langmuir  and  LB  film  work  is  available  from  many 
commercial  companies  such  as  KSV  of  Finland  and  Lauda.  Though  configurations  vary, 
the  concepts  behind  their  operation  are  similar. 53,55  A typical  trough  system  is  illustrated 
in  Figure  1.2.  The  system  is  usually  composed  of  a shallow.  Teflon  trough,  which  often 
has  channels  underneath  that  allow  for  the  flow  of  temperature  controlling  fluids.  The 
most  common  types  of  barriers  are  made  from  Teflon  (hydrophobic)  or  Nylon 
(hydrophilic).  The  barriers  are  driven  by  a stepping-motor.  The  system  components  are 
controlled  by  a central  unit  that  regulates  barrier  movement,  surface  balance  height, 
dipping  arm  movement,  and  other  accessories.  The  central  control  unit  is  usually 
connected  to  a personal  computer  that  operates  software  that  controls  many  experiments. 

1.2.4  Mixed  Monolayers 

When  two  or  more  surfactants  are  spread  at  an  interface,  the  resulting  film  can 
form  a true  monolayer  solution,  in  which  the  molecules  of  each  component  are  uniformly 
distributed  throughout  the  film,  or  a phase  separated  film,  in  which  there  are  domains  of 
one  component  dispersed  within  the  other  component.  If  the  monolayer  film  is  phase 
separated,  many  of  the  monolayer  properties  are  additive  and  the  following  relationship 
holds  true: 

XI2  = N,  X,  + N2  X2 


(1.4) 
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Figure  1.2.  Langmuir  trough.  Monolayer  experiment  a)  before  compression,  b) 
after  compression,  and  c)  after  reaction. 
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where  N is  the  mole  fraction  of  each  component  and  X represents  the  value  of  a 
monolayer  property  such  as  mean  molecular  area.53  Assuming  that  the  boundaries 
between  the  phases  are  insignificant,  the  properties  of  the  mixed  monolayer  act  as  a 
fraction  of  the  pure  components  and  the  properties  are  weighted  values  of  the  pure 
components.  However,  a phase  separated  mixture  will  have  a collapse  pressure  that 
corresponds  to  that  of  the  least  stable  component. 

Information  on  monolayer  miscibility  can  often  be  obtained  from  isotherm  data  and 
the  most  commonly  used  form  of  the  equation  describes  the  excess  free  energy  of  mixing 
as 

(1.5) 

where  N,  and  N2  are  the  mole  fractions  of  components  1 and  2,  respectively,  and  Au  A2, 
and  An  are  the  areas  under  the  isotherm  curves  of  pure  component  1,  pure  component  2, 
and  the  mixture  of  components  1 and  2,  respectively.56  The  use  of  this  expression  is 
apparent  as  A can  be  easily  obtained  by  integrating  the  monolayer  isotherms  of  the  mixed 
and  pure  films.  If  the  components  are  miscible  in  the  monolayer,  the  calculated  value  of 
AGex,™*  wih  be  negative  and  if  there  is  ideal  phase  separation  the  values  will  be  zero.  The 
reliability  of  this  information  is  dependent  on  monolayer  stability  and  n-A  isotherm 
reversibility.  Barnes  and  Bacon  first  applied  this  theory  to  real  mixed  monolayer 
systems.57  It  should  be  noted  that  chemical  transformations  in  Langmuir  monolayers 
always  result  in  mixed  monolayers.  Only  reactants  or  products  at  100  % conversion  can 
be  rigorously  treated  as  pure  single  component  systems. 
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1.2.5  Langmuir-Blodgett  Films 

Langmuir-Blodgett  Films  are  prepared  by  transferring  Langmuir  films  to  solid 
substrates.  They  are  prepared  by  simply  drawing  the  substrate  through  the  Langmuir  film. 
This  technique  was  first  developed  by  Irving  Langmuir  and  Katharine  Blodgett  and  is 
referred  to  as  Langmuir-Blodgett  or  vertical  transfer  technique.52,53 
1.2. 51  LB-film  formation 

Different  types  of  LB  films  can  be  formed  by  using  different  depositions  and 
surface  treatments  (Figure  1.3).  For  example,  Y-type  films  can  be  formed  by  transferring 
the  first  layer  of  the  monolayer  onto  a hydrophilic  substrate  by  vertically  pulling  the 
substrate  upwards  through  the  interface  so  that  the  headgroups  directly  adsorbed  onto  the 
substrate.  The  second  layer  of  a Y-type  film  is  deposited  by  lowering  the  substrate 
vertically  through  the  monolayer  so  that  the  tailgroups  directly  adsorb  to  the  tail  groups  of 
the  first  layer.  Repeating  this  process  can  lead  to  the  formation  of  multilayer  films. 

Though  Y-type  films  are  the  most  common  and  most  stable  due  to  the  attractive  forces 
that  result  from  the  head  to  head  and  tail  to  tail  arrangement,  X-  and  Z-type  have  also 
been  reported.  These  films,  due  to  their  noncentrosymmetric  nature,  are  important  for  the 
construction  LB  films  with  nonlinear  optical  properties.  55,58,59  It  is  important  to  note  that 
the  preparation  of  a film  in  a certain  manner  does  not  guarantee  the  formation  of  a specific 
type  of  film  as  rearrangement  after  film  formation  has  been  reported. 58  59 

In  order  to  successfully  transfer  a monolayer,  the  surface  pressure  should  be  below 
the  film’s  collapse  pressure  and  there  must  be  a significant,  constant  surface  pressure  on 
the  film.  The  quality  of  film  deposition  is  characterized  by  the  transfer  ratio  (x)  which  is 


described  by  equation  1.6. 53 
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t =A,/AS  (1.6) 

where  A,  and  As  are  the  decrease  in  the  area  of  the  monolayer  and  the  amount  of  area  of 
the  substrate  that  is  coated  during  the  deposition,  respectively. 

Mechanical,  chemical,  and  thermal  instability  have  prevented  wide  industrial 
application  of  LB  films.  LB  film  polymerization  has  been  used  to  stabilize  the  films;60-62 
however,  polymerization  after  transfer  often  results  in  poor  quality  films  due  to  structural 
reorganization  and  defects.  Therefore,  LB  films  of  preformed  polymers,  which  are  defect 
free  and  retain  their  conformation,  are  more  widely  studied. 


Figure  1.3.  Types  of  LB  multilayers. 

1.2. 5, 2 Analysis  of  LB-films 

LB  films  are  studied  by  a number  of  analytical  techniques,  which  include  UV-vis, 


attenuated  total  reflection  infrared  (ATR-IR),  X-ray  photoelectron  spectroscopy  (XPS), 
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and  X-ray  diffraction  (XRD).  Together,  these  techniques  can  provide  insight  into  film 
structure. 

1 .2.5.2. 1 UV-vis  analysis.  UV-vis  analysis  is  useful  tool  in  the  analysis  of  LB  films 
in  that  it  can  provide  quantitative  information  about  the  amount  of  material  transferred  to 
a solid  substrate  as  well  as  qualitative  information  about  molecular  orientation  and 
aggregation  in  LB  films.58,59,63  UV-vis  analysis  can  be  used  to  monitor  film  transfer 
because  as  the  number  of  layers  in  the  film  increases,  absorbance  should  also  increase. 
Therefore,  for  films  that  transfer  well,  plot  of  absorbance  versus  number  of  transferred 
layers  should  be  linear. 

Transferred  films  are  often  more  broad  and  slightly  red  shifted  (<  10  nm) 
compared  to  their  solution  counter  parts.58,59,63  These  effects  have  been  attributed  to 
molecular  aggregation  in  the  films.  Studies  that  involved  diluting  the  chromophore 
concentration  in  LB  films  with  stearic  acid  support  the  aggregation  theory  as  the  dilute 
films  have  the  same  absorption  spectrum  as  the  chloroform  solution.63 

Relative  band  intensities  may  also  differ  when  comparing  the  spectra  of  LB  films 
and  solutions.58  This  effect  has  been  attributed  to  the  fixed  orientation  of  chromophores 
in  LB  films.  The  incident  light  is  normally  perpendicular  to  the  plane  of  the  substrate; 
therefore,  if  the  chromophore  is  situated  such  that  it  only  weakly  interacts  with  the 
incident  light,  reduced  absorption  intensity  may  be  observed. 

1 .2. 5. 2. 2 Attenuated  total  reflection  infrared  (ATR-IRT  ATR-IR  is  used  to 
evaluate  alkyl  chain  conformation  and  packing  in  LB  films.64-67  The  frequency  of  the  va  - 
CH2  band  is  a measure  of  conformational  order  and  ranges  from  2918  cm-1  for  an  all  trans 
conformation  to  2924  cm'1  for  alkanes  with  a large  percentage  of  gauche  conformations. 
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The  full  width  at  half-maximum  (fwhm)  is  an  indicator  of  orientational  order.  A fwhm  for 
a closed  packed  system  is  ca.  17  cm'1,  but  a randomly  oriented  film  can  produce  a value  of 
35  cm"1  or  greater. 

1.2, 5, 2. 3 X-ray  photoelectron  spectroscopy  fXPSl  X-ray  photoelectron 
spectroscopy  (XPS)  is  also  referred  to  as  electron  spectroscopy  for  chemical  analysis 
(ESCA)  and  is  a powerful  tool  in  the  identification  of  elements  in  the  surface  layer  of 
solids.22  K.  Siagbahn  was  awarded  the  1981  Nobel  prize  for  his  work  on  the  development 
of  the  applications  of  this  technique.  In  an  XPS  experiment,  an  X-ray  beam  of  a known 
energy,  hv,  strikes  a sample  and  displaces  and  electron.  The  kinetic  energy,  KE,  of  the 
ejected  electron  depends  on  the  hv  of  the  incoming  photons  and  the  binding  energy,  BE, 
of  the  atom  from  which  the  electron  was  displaced  by  the  equation: 

KE=  hv  - BE  (1.7) 

A survey  XPS  spectrum  is  a plot  of  electron  counting  rate  as  a function  of  BE. 
Each  element  (except  hydrogen  and  helium)  has  a characteristic  BE,  allowing  element 
identification  based  the  position  of  the  observed  peaks.  Usually  the  peaks  are  well 
resolved  and  lead  to  unambiguous  identification  provided  that  the  element  concentration  is 
greater  than  0. 1%.22 

Obtaining  quantitative  information  from  XPS  data  is  more  difficult,  as  many 
instrumental  and  experimental  factors  contribute  to  peak  intensity.68'70  The  incoming  X- 
rays  with  an  intensity,  I0,  enter  the  sample  surface  to  some  depth,  d,  where  there  are  N; 
atoms  of  element  I.  The  electrons  of  these  elements  will  be  removed  form  their  occupied 
orbitals.  The  probability  for  photoejection  from  each  orbital,  the  photoionization  cross 
section,  o,  differs  with  each  orbital  and  for  each  orbital  in  different  elements.  The 
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electrons  are  emitted  in  all  directions,  but  only  those  that  reach  the  detector  are  counted. 
The  fraction  that  reach  the  detector  is  A/4u2,  where  A is  the  sample  area.  The  number  of 
electrons  that  reach  the  detector,  A„  depends  exponentially  on  the  elastic  mean  free  path 


of  the  electrons,  Ae, 


(1.8) 


where  0 is  the  angle  between  the  surface  normal  and  the  detector.  Only  a fraction  of  the 
electrons  that  arrive  at  the  detector,  D,  are  reported.  The  total  intensity,  I,  for  element  I, 
is  equal  to  the  product  of  the  above  factors: 


These  factors  are  related  to  instrument  geometry  and  are  often  incorporated  into  the 
instruments  atomic  sensitivity  factors,  1“ 

I”  is  unique  to  each  peak  of  the  different  elements;  however,  the  peaks  measured 
for  elements  with  significantly  different  binding  energies  will  have  very  different  inelastic 
mean  free  paths.  Therefore,  the  relative  peak  intensities  will  not  reflect  the  true 
concentrations  of  the  elements  at  the  surface.  Seah  and  Dench70  have  developed  a model 
to  accurately  (±3%)  predict  the  expected  XPS  signal  intensities  for  elements  based  on 
layered  film  geometry.  This  technique  has  been  widely  applied  to  the  determination  of 
elemental  ratios  in  LB  films.67,72  The  model  estimates  the  inelastic  mean  free  path  of  a 
photoelectron  in  an  organic  film  using  the  equation: 


Ii  = Io0dN;  o (A/47t2)A;  D 


(1.9) 


Ae  =10[49/(KE2)  +0.1 1(KE)05]  (A) 


(1.10) 


Therefore,  the  relative  intensity  for  element  A is  given  by: 


where  d is  estimated  using  the  interatomic  distance  of  the  atoms. 
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1.2. 5. 2.4  X-ray  diffraction.  Information  about  the  layered  spacing  of  LB  films 
can  be  obtained  from  X-ray  diffraction  experiments.73  In  the  Bragg  method,  an  X-ray 
beam  is  passed  into  a layered  crystal  where  the  X-rays  are  scattered  by  the  interaction  with 
the  electrons  of  the  atoms  or  ions  in  the  crystal.  The  X-rays  penetrate  into  many  layers  of 
the  crystal,  and  therefore,  each  layer  scatters  only  a small  part  of  the  X-ray  beam.  When 
the  phase  of  the  beams  scattered  from  successive  layers  is  shifted  by  an  integral  multiple  of 
wavelengths  it  is  called  constructive  interference  and  the  Bragg  relation  holds: 

nX  = 2dsin0  (L12) 

In  this  equation,  n is  an  integer,  X is  the  X-ray  wavelength,  0 is  the  angle  at  which  the 
reflected  beam  of  X-rays  is  observed  and  d is  the  spacing  between  the  planes.  From  this 
information,  it  is  often  possible  to  approximate  alkyl  chain  tilt  angles  and  it  provides 
information  on  the  LB  film  type. 

1.2.6  Monolayer  Reactions 

The  study  of  chemical  reactions  in  Langmuir  films  is  one  of  the  most  interesting 
aspects  of  monolayer  work.  While  confined  to  a monolayer,  the  molecular  orientation  can 
be  controlled  and  therefore,  in  many  cases,  the  rate  or  type  of  reactivity  of  the  molecules 
can  be  controlled.74  Concentration  and  orientation  are  two  of  the  most  important  factors 
that  affect  the  reactivity  of  molecules  at  an  air- water  interface.53  In  addition,  monolayer 
film  reactivity  can  also  be  affected  by  factors  unique  to  organized  films  such  as  electrical 
potential  and  interfacial  pressure.53,74 

At  an  interface,  charged  surfactants  can  have  a significant  effect  on  monolayer 
reactions.  This  effect  is  caused  by  an  increase  in  the  concentration  of  charged  species  that 
creates  a steep  electrical  gradient  just  below  the  interface  surface.  The  electrical  field 
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created  by  the  adsorption  of  charged  species  at  the  interface  gives  rise  to  changes  in  the 
concentration  of  soluble  ions  near  the  interface.  If  the  subphase  ions  are  involved  in  the 
reaction  at  the  interface,  the  reaction  rates  can  be  affected. 

The  effect  of  surface  pressure  on  reaction  rate  at  the  interface  is  described  in  terms 
of  steric  and  orientational  factors.  There  are  numerous  examples  in  the  literature  that 
describe  the  effects  of  surface  pressure  on  reactivity  62,75'77  For  example,  the  rate  of  the 
permanganate  oxidation  of  (Z)-9-octadecenoic  acid  was  affected  by  the  applied  surface 
pressure.75  At  higher  surface  pressures,  the  reaction  rate  was  slower  than  when  reaction 
was  carried  out  at  lower  surface  pressures.  In  this  case,  the  reactive  double  bond  was  near 
the  center  of  the  hydrophobic  chain  and  was  more  available  to  the  permanganate  ions 
when  the  surface  area  per  molecule  was  greater.  As  this  accessibility  decreased,  the 
reaction  rate  decreased. 

1 ,2.6, 1 Coordination  compounds  in  Langmuir  and  LB  films 

In  recent  years,  there  has  been  an  increased  interest  in  organometallic  and 
coordination  compounds  in  Langmuir  and  LB  films.  This  interest  is  due  to  the  near 
unlimited  diversity  of  metals  and  their  numerous  oxidation  states,  which  may  allow  for 
architectural  flexibility.58  Results  have  shown  that  these  materials  have  interesting 
properties  and  may  find  application  as  electrical  conductors 78  or  nonlinear  optical 
materials.79 

Metal  ions  can  be  incorporated  into  the  films  by  either  spreading  preformed 
coordination  compounds,  or  amphiphilic  ligands  can  coordinate  with  metal  ions  in  the 
subphase.  The  extent  of  complex  formation  in  Langmuir  monolayers  can  be  controlled  by 
changing  subphase  conditions  such  as  counter  ion  type,  pH,  temperature,  or  ionic 
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strength.80  The  complexation  process  can  be  monitored  by  observing  changes  in  the 
pressure-area  isotherms. 72,81,82  In  many  cases,  complexation  with  metal  ions  in  the 
subphase  results  in  the  formation  of  a more  condensed  film  with  a higher  collapse 
pressure. 

1.2. 6. 2 Langmuir  film  polymerization 

LB  films  of  low  molecular  weight  materials  have  not  found  wide  application  due  to 
their  instability.  Therefore,  to  improve  stability,  much  effort  has  been  put  into  the  study  of 
polymeric  Langmuir  and  LB-films.  In  addition  to  improved  stability,  control  of  molecular 
orientation  and  film  thickness  makes  the  study  of  polymers  in  Langmuir  and  LB-films  very 
important.  Polymers  and  polymerization  in  Langmuir  and  LB  films  have  been  studied  by 
several  techniques,  all  of  which  have  their  benefits  and  drawbacks.  Preformed  polymers 
can  be  spread  at  the  interface  or  polymerization  can  be  induced  while  the  monomers  are  in 
Langmuir  or  LB  films. 

Preformed  polymers  are  spread  into  monolayers  in  much  the  same  way  as 
surfactants.  The  most  important  structural  requirement  for  these  types  of  films  is  that 
there  is  a balance  of  hydrophilic  and  hydrophobic  groups  at  regular  intervals  along  the 
polymer  backbone.  The  advantages  of  this  technique  over  in-situ  polymerization  include 
reduced  defects  and  conformation  retention  once  transferred  to  a LB  film.  One  problem 
associated  with  this  technique  is  that  it  must  be  assumed  that  the  polymer  chains  are 
extended  at  the  interface  and  that  every  monomer  unit  interacts  with  subphase.  Another 
problem  is  the  difficulty  in  transferring  these  materials  to  solid  substrates  due  to  the 
rigidity  and  viscosity  of  the  materials. 
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Polymeric  films  can  also  be  obtained  by  monomer  polymerization  in  a Langmuir 
film.  This  technique  allows  orientational  control  of  the  monomers  before  and  during 
polymerization  Reports  by  Lando  et  al  have  shown  that  Langmuir  films  polymerized  in- 
situ  had  a higher  compressional  modulus  and  a smaller  area  per  molecule  when  compared 
to  bulk  prepared  polymer.83,84  These  and  other  results  led  to  the  conclusion  that  Langmuir 
polymerized  films  have  better  packing  order  due  to  structural  differences  that  result  from 
this  type  of  polymerization.  Further,  in  the  case  of  spread  preformed  polymer,  there  are 
areas  of  overlapping  chains,  which  are  eliminated  by  in-situ  polymerizations  However, 
one  problem  with  this  technique  is  the  presence  of  residual  monomer  in  the  film. 

1.2.7  PPV  in  LB  Films 

An  interest  in  electrically  conducting  Langmuir-Blodgett  films  has  lead  to  the  study 
of  PPV  in  this  type  of  environment.  To  date,  most  of  the  work  done  in  this  area  has 
involved  spreading  precursor  polymer  that  has  been  prepared  with  a surface  active  counter 
ion.  By  spreading  the  water  soluble  precursor  polymer  in  this  manner,  stable  Langmuir 
films  have  been  formed. 

In  one  study,  precursor  polymer  that  had  a perfluorononate  counter  ion  was 
studied  at  the  air-aqueous  interface.85  The  surface  active  counter  ion,  which  was  easily 
removed  upon  heating,  was  used  to  impart  film  stability.  The  S03  doped  films  that 
resulted  from  this  preparation  method  showed  improved  conductivity  over  conventionally 
cast  conductive  LB  films. 

This  work  was  continued  by  Wu  et  al.  who  studied  the  amount  of  time  that  the 
precursor  polymer  LB  films  were  heated  versus  the  absorbance  spectra  of  the  films.86  As 
heating  times  were  increased  from  5 to  120  minutes,  a red  shift  resulted.  It  was  found  that 
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the  absorbance  maximum  of  films  produced  in  this  manner  was  30  nm  longer  than  those 
produced  from  traditionally  cast  thin  films,  indicating  longer  conjugation  lengths. 

In  1988,  Era  et  al.  studied  the  Langmuir  and  LB  films  of  precursor  PPV  polymer 
that  had  a large,  bilayer  forming  counter  ion.87  The  authors  claimed  that  the  presence  of  a 
large  counter  ion  would  serve  to  loosen  coiling  of  the  polymer  chains  and  introduce  more 
order  to  the  polymer.  This  method  also  increased  the  conjugation  length  compared  to 
conventional  films,  as  was  evident  from  the  UV-vis  spectra. 

In  1994,  Wu  et  al.  reported  the  preparation  of  a LED  device  based  on  the 
techniques  described  in  this  section.88  In  addition  to  the  extended  conjugation  length 
being  an  asset  in  these  devices,  it  was  also  found  that  film  thickness  was  an  essential 
factor  in  device  operation,  which  is  a parameter  that  is  easily  controlled  using  LB 
techniques. 


1.3  Imidazole  and  2.4.5-Triphenvlimidazole  (Lophine) 
2,4,5-Triphenylimidazole  (lophine)  was  first  synthesized  in  1845  by  Laurent.  89 
Imidazole  was  first  obtained  in  1858  by  Dubus  who  recognized  the  basic  nature  of  the 
material,  but  did  not  propose  a molecular  structure.90  The  relationship  between  these 
compounds  was  suggested  by  Radziszewski  in  1882. 91  Based  on  this  work  and  the  work 
of  Fischer  and  Troschke,92  Japp  and  Robinson  proposed  the  currently  accepted  structure 
of  lophine.93 
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Lophine 

In  1882,  Japp94  and  Radziszewski89  independently  proposed  different  structures  for 
imidazole. 


H 

Japp,  1882  Radziszewski,  1882 

Radziszewski  proposed  a structure  that  did  not  contain  an  imino  function,  which  explained 
the  failure  of  the  imidazole  to  undergo  acylation.  Japp  accepted  Radziszewski’s  opinion 
that  imidazole  was  the  parent  ring  system  of  lophine  but  suggested  that  his  structure  better 
explained  the  chemical  behavior  of  the  compound  Although  neither  Japp  or  Radziszewski 
presented  conclusive  evidence  of  the  structure,  the  Japp  configuration  was  later  shown  to 
be  correct  by  Bamberger  in  1893. 95 

More  recently,  imidazole  has  proven  to  be  a useful  model  compound  to  study  the 
metal  combining  capacity  of  protein  histidyl  groups.96"99  Many  lophine  derivatives  possess 
impressive  thermal  and  oxidative  stability  and  have  been  shown  to  have  potential  in 
nonlinear  optical  applications.100 
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1.3.1  Acid-Base  Characteristics  of  Imidazole  and  Lophine 

Imidazole  is  a class  of  aromatic  heterocycles  that  has  unique  structural  features 
that  are  often  related  to  pyridine  and  pyrrole.101,102  Aromaticity  in  monocyclic  systems 
requires  a planar  array  of  atoms  with  4n  +2  n electrons.  Imidazole  is  aromatic  in  that  it  is 
considered  to  be  constructed  from  an  trigonal  nitrogen  with  two  unhybridized  p electrons 
(the  pyrrole  nitrogen,  N-l),  a trigonal  nitrogen  with  a lone  pair  in  the  hybrid  orbital  and  a 
single  electron  in  the  p orbital  (the  pyridine  nitrogen,  N-3),  and  three  trigonal  carbons  with 
one  electron  in  a p orbital. 

Imidazole  is  a base  that  can  form  crystalline  salts  with  acids.  The  basicity  of 
imidazoles  is  attributed  to  the  ability  of  the  pyridine  type  nitrogen  to  accept  a proton. 
Substituents  affect  the  basic  strength  of  imidazole.  For  example,  electron  donating  groups 
tend  to  increase  the  electron  density  of  N-3,  and  thus,  increase  basic  strength,  while 
electron  withdrawing  groups  tend  to  decrease  basic  strength 

In  addition  to  basic  properties,  imidazole  also  exhibits  weak  acidic  properties  if  the 
imino  nitrogen  is  unsubstituted.  Electron  withdrawing  substituents  increase  the  acidity  of 
the  imidazole  by  decreasing  the  electron  density  near  N-l.  This  effect  makes  lophine  a 
stronger  acid  than  imidazole.102 

1.3.2  Metal  Coordination  of  Imidazole 

Imidazoles  are  amphoteric  as  they  are  moderately  strong  bases  that  are  able  to 
accept  a proton  at  N-3  and  are  weak  acids  that  can  lose  a proton  at  N-l . Usually  in 
neutral  solutions,  imidazole  can  act  as  a ligand  via  the  unshared  electrons  on  N-3. 
Numerous  studies  have  shown  that  a number  of  transition  metal  ions  form  crystalline 
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products  of  many  different  compositions  and  that  the  usual  stability  order  for  these 
complexes  is  Co(II)  < Zn(II)  < Ni(II)  < Cu(II).96-"’101 

In  sufficiently  basic  systems,  the  conjugate  base  of  imidazole  (Im  ) is  formed  and 
can  also  act  as  a ligand.  The  ionization  of  the  pyrrole  nitrogen  converts  the  monodentate 
imidazole  into  a bidentate  imidazolate  anion.  Cu(II),103,104  Zn(II), 103,104  Co(II),104  105  and 
Ni(II)103’105  complexes  are  among  those  that  have  been  reported  with  the  stoichiometry  of 
M(Im)2.  These  materials  are  usually  insoluble  and  polymeric  structures  have  been 
proposed.  The  imidazolate  salt  of  Cu(I)  has  been  prepared  and  a polymeric  bridge, 
structure  has  been  proposed.106 


Sigwart  et  al.  demonstrated  the  amphoteric  nature  of  imidazole  and  showed  that  at 
pH  < 4.5,  the  imidazole  is  protonated  at  N-3  and  complexation  with  Cu(I)  does  not 


imidazole  to  metal  complex  was  formed.  At  pH  > 6.5,  the  conjugate  base  of  imidazole 
was  formed  and  an  insoluble,  polymeric  material  was  produced. 

Further,  Bauman  and  Wang  showed  that  when  a complex  of  silver-imidazole  was 


occur. 


106 


Between  pH  4.5  and  6.5  the  imidazole  was  in  its  neutral  state  and  a 2: 1 


titrated  vs  NaOH,  an  insoluble  precipitate  of  Aglm  began  precipitating  at  pH=6.5  and  that 
the  reaction  endpoint  was  at  ca.  pH=8.5.103  The  mechanism  for  the  polymeric  structure 
formation  was  proposed  and  is  shown  in  Figure  1 .4. 
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Figure  1.4.  Mechanism  of  metal  coordination  with  imidazole. 


The  polymeric  structure  shown  is  only  schematic  as  the  two  nitrogens  in  the 
polymer  are  indistinguishable.  Further,  such  complexes  of  Co(II)  and  Zn(II)  have  been 
prepared  and  X-ray  diffraction  indicated  that  the  zinc  imidazolate  is  an  essentially  infinite 
polymer  in  which  the  metal  ion  is  tetrahedrally  surrounded  by  four  ligands.107 
1.3.3  Imidazole  Derivatives  in  Langmuir  and  LB  Films 

In  a study  of  imidazole  amphiphiles  by  van  Esch  et  al.,  it  was  shown  that  the 
subphase  pH  affected  the  n-A  isotherm. 81  At  pH~3,  the  isotherm  was  slightly  more 
expanded  and  the  collapse  pressure  was  higher  than  when  the  pH>  5,  which  was  attributed 
to  the  protonation  of  the  imidazole.  This  study  also  showed  that  the  increase  in  collapse 
pressure  was  dependent  on  the  transition  metal  ion  and  followed  the  series  Ni(II)  < Co(II) 
< Zn(II)  < Cu(II).  A similar  order  has  been  reported  for  the  binding  constants  of  these 
ions  to  imidazole.  %‘99,101  Further,  isotherm  data  indicated  that  the  Zn2+  and  Cu2+  - 
imidazole  complexes  had  different  structures. 

Lui  et  al.  studied  the  complexation  behavior  of  monolayers  of  long-chain  imidazole 
and  benzamidazole  derivatives  with  various  transition  metal  ions.82  They  reported  that  the 
imidazole  derivatives  formed  condensed,  stable  monolayers  on  transition  metal  subphases. 
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but  that  the  benzimidazole  derivatives  only  formed  stable  complexes  with  Ag(I)  ions.  The 
researchers  believed  that  complex  formation  between  the  Ag(I)  ions  and  the  benzimidazole 
increased  the  hydrophilicity  of  the  rings  and  caused  the  rings  to  orient  vertically  on  the 
subphase  and  form  condensed  type  monolayers.  Lui  et  al.  continued  work  on 
benzimidazole  and  showed  the  effect  of  side  chain  length  on  monolayer  formation  on 
Ag(I)  ion  subphases.72  On  pure  water  subphases,  C17  length  chains  were  required  to  form 
stable  monolayers,  but  on  dilute  solutions  of  Ag(I)  ions,  only  a C5  length  side  chain  was 
required.  The  increased  stability  was  attributed  to  the  formation  of  a polymeric  complex 
monolayer  much  like  those  described  in  section  1 .3.2.  XPS  data  was  used  to  confirm  the 
1:1  ratio  of  the  copper  ions  to  benzimidazolate. 

1 .4  Dissertation  Overview 

The  goals  of  the  research  reported  within  this  document  were  dictated  by  NASA’s 
interest  in  developing  materials  for  sensor  applications.  The  interest  in  sensors  at  Kennedy 
Space  Center  is  based  in  the  desire  for  real-time  monitoring  of  ions  in  aqueous  systems 
that  support  both  human  and  plant  life.  Among  the  original  goals  of  this  work  was  the 
synthesis  of  a polymeric  material  that  would  undergo  a color  change  when  it  was  in 
contact  with  specific  transition  metal  ions. 

The  major  goal  of  preparing  a sensor  was  broken  down  into  several  steps  that 
were  designed  to  determine  if:  (1)  amphiphilic  poly(phenylenevinylene)  derivatives  could 
be  prepared  in  Langmuir  films,  (2)  lophine  derivatives  would  complex  with  metal  ions, 
produce  a color  change,  and  form  LB  films,  and  (3)  a polymerizable  lophine  derivative 
could  be  synthesized  and  then  polymerized  in  a Langmuir  film. 
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Chapter  2 includes  the  synthesis  and  characterization  methods  used  to  prepare  the 
molecules  used  in  these  studies.  It  also  includes  a description  of  the  of  the  instrumentation 
used  to  prepare  and  characterize  the  Langmuir  and  LB  films. 

Chapter  3 describes  the  preparation  and  polymerization  of  Langmuir  films  of 
octadecyl  2,5-bis(tetrahydrothiopheniumylmethyl)benzoate  dibromide.  This 
polymerization  is  the  first  known  report  of  the  formation  of  PPV  precursor  polymer  in  a 
Langmuir  film.  The  polymer  was  characterized  by  UV-vis,  fluorescence,  gel  permeation 
chromatography,  and  FTIR. 

Chapter  4 reports  the  results  of  model  compound  studies  that  show  the  selective 
complexation  behavior  of  the  lophine  derivatives  with  Cu(II)chloride.  Through  the 
studies,  it  was  found  that  lophine  derivatives  in  chloroform  solutions  do  produce  a color 
change  when  in  contact  with  copper(II)chloride  and  cobalt(II)chloride  and  that  metal 
chlorides  can  be  removed  by  extracting  the  solution  with  water.  The  color  change  was 
only  detectable  by  UV-vis  in  very  concentrated  solutions  (10'3M)  of  the  complexes, 
making  the  utility  of  this  chromophore  in  a sensor  application  questionable.  However, 
these  compounds  have  shown  promising  NLO  properties, 100  and  thus,  LB  films  of  these 
materials  might  be  interesting.  The  lophine  derivatives  were  studied  on  both  pure  water 
and  subphases  that  contained  transition  metal  ions.  It  was  found  that  the  monolayers 
prepared  on  Cu(II)  ion  subphases  formed  more  condensed  films  that  collapsed  at  higher 
surface  pressure.  The  films  were  transferred  to  solid  substrates  and  characterized. 

Chapter  5 describes  the  synthesis  and  polymerization  of  a lophine  derivative.  The 
monomer  was  designed  such  that  the  lophine  moiety  would  be  part  of  the  PPV  backbone. 
The  polymerizations  were  carried  out  both  in  solution  and  in  Langmuir  films  so  that  the 
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properties  could  be  compared.  The  Langmuir  films  were  characterized  by  UV-vis, 
fluorescence,  and  gel  permeation  chromatography. 


CHAPTER  2 

EXPERIMENTAL  PROCEDURES 
2. 1 Introduction 

Chapter  2 describes  the  instrumentation,  procedures,  and  synthesis  and 
characterization  of  the  materials  used  in  this  work.  The  materials  produced  are  mostly 
novel  molecules  that  were  synthesized  using  original  combinations  of  known  reactions. 
The  synthetic  schemes  and  complete  characterization  profiles  that  prove  molecular 
structure  are  provided  in  this  chapter.  The  details  of  the  procedures  used  to  prepare  the 
Langmuir  and  Langmuir-Blodgett  films  as  well  as  the  equipment  are  provided.  Brief 
descriptions  of  the  equipment  and  procedures  used  for  X-ray  photoelectron  spectroscopy 
(XPS),  X-ray  diffraction  (XRD),  differential  scanning  calorimetry  (DSC),  thermal 
gravimetric  analysis  (TGA),  FTIR,  ATR-IR,  GPC,  and  fluorescence  and  UV-vis 
spectroscopy  are  also  provided. 

2.2  Materials  and  Characterization 

Except  for  1-octadecyne,  which  was  a gift  from  Farchan  Laboratories,  Gainesville, 
FL,  the  starting  materials  and  reagents  used  in  this  work  were  purchased  from  the  Aldrich 
or  Fisher  companies.  Each  step  of  the  syntheses  was  characterized  by  the  appropriate 
analytical  techniques.  Elemental  analysis  and  mass  spectrometry  were  performed  by 
Analytical  Services  in  the  Department  of  Chemistry  at  the  University  of  Florida. 
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Elemental  analysis  was  also  done  at  Atlantic  Microlabs  in  Norcross,  GA.  NMR  spectra 
were  produced  on  a VXR  300  MHZ  instrument. 

2 21  Qctadecvl  2.5-bis(tetrahydrothiopheniumylmethyl)benzoate  Dibromide  (OTBB) 
Octadecyl  2,5-bis(tetrahydrothiopheniumylmethyl)benzoate  dibromide  was 
synthesized  using  modifications  of  common  organic  reactions  (Figure  2. 1).  The  details  of 
the  polymerization  of  this  material  in  Langmuir  films  are  discussed  in  Chapter  3. 

2.2J.J  Qctadecvl  2.5-dimethvlbenzoate 

2,5-Dimethylbenzoic  acid  (1.00  g,  6.66  mmol),  1-octadecanol  (3.59  g,  13.3 
mmol),  and  sulfuric  acid  (0.37  mL,  6.6  mmol)  were  refluxed  in  ethyl  ether  (10  mL)  for  24 
h.  Upon  completion  of  the  reaction,  the  mixture  was  diluted  with  ethyl  ether,  washed  with 
dilute  sodium  carbonate,  and  dried  with  anhydrous  magnesium  sulfate.  After  purification 
by  column  chromatography  (silica  gel/  methylene  chloride),  the  yield  was  89%  (2.39  g, 
5.92  mmol),  mp  45-46  °C  ‘H  NMR  (300  MHZ,  CDC13,TMS)  6 7.80  (s,  1H),  7.17  (m, 
2H),  4.38  (t,  2H),  2.61(s,  3H),  2.42  (s,  3H),  1.82  (m,  2H),  1.35  (m,  30H),  0.98  (t,  3H). 
13CNMR(CDC13)  6 167.4,  136.5,  134.9,  132.3,  131.3,  130.7,  129.5,64.7,31.7,  29.5, 
29.2,29.1,28.5,25.9,22.5,21.1,20.6,  13.9.  IR(KBr)  1713  (CO)  cm'1 . Anal.  Calcd.  for 
C^H^Oj:  C,  80.53;  H,  11.51.  Found:  C,  80.37;  H,  1 1.45.  MS(EI)  exact  mass  calcd.  (m+) 
402.3497,  found  402.3494. 

2. 2. 1.2  Qctadecvl  2.5-bis(bromomethyl Ibenzoate 

Octadecyl  2,5-dimethylbenzoate  (1.00  g,  2.48  mmol)  was  refluxed  for  3 h at  80°  C 
with  N-bromosuccinimide  (0.880  g,  5.96  mmol)  in  the  presence  of  benzoyl  peroxide  (10 
mg)  and  carbon  tetrachloride  (25  mL).  The  solid  was  removed  by  filtration  and  the  solvent 
was  removed  under  reduced  pressure.  The  crude  product  was  purified  by  column 
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chromatography  (silica  gel/  methylene  chloride/  hexane,  65:35)  to  yield  1.10  g (80%,  1.98 
mmol),  mp  63-66° C.  'H  NMR  (300  MHZ,  CDC13,  TMS)  6 8.07  (s,  1H),  7.54  (q,  2H), 
4.93  (s,  2H),  4.37  (s,  2H),  4.34  (t,  2H),  1.82  (m,  2H),  1.26  (m,  30H),  0.881  (t,  3H).  13C 
NMR(CDC13)  6 165.9,  138.9,  138.0,  132.6,  132.0,  131.5,  131.5,  129.8,  65.6,  31.6,  31.5, 
31.7,  29.5,  29.1,  28.4,  22.5,  13.9.  Anal.  Calcd.  for  C27H44Br202:  C,  57.86;  H,  7.91. 

Found:  C,  58.39;  H,  7.84.  MS(EI)  exact  mass  calcd.  (m+)  558.1708,  found  558.1689. 


Figure  2.1.  Synthetic  route  to  octadecyl  2,5-bis(tetrahydrothiopheniumylmethyl)benzoate 
dibromide  (OTBB). 


2,213  Qctadecvl  2.5-bis(tetrahvdrothiopheniumvlmethvl)benzoate  dibromide  (QTBB) 
Octadecyl  2,5-bis(bromomethyl)benzoate  (0.50  g,  0.89  mmol)  was  heated  for  24  h 
at  50°  C with  tetrahydrothiophene  (0.24  g,  2.68  mmol)  in  methanol  (15  mL).  Upon 
completion  of  the  reaction  as  determined  by  TLC,  the  solvent  was  removed  under  reduced 
pressure.  After  recrystallization  in  cold  acetone,  the  yield  was  68%.  mp  70-72°  C.  ‘H 
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NMR  (300  MHZ,  CDC13)  6 7.90  (s,  1H),  7.41  (q,  2H),  4.78  (s,  2H),  4.42  (s,  2H),  4.28  (t, 
2H),  2.68  (m,8H),  1.87  (m,  8H),  1.72  (m,  2H),  1.21  (m,  30H),  0.82  (t,  3H).  Anal.  Calcd 
for  C^H^oBrASa:  C,  57.11;  H,  8.20;  Br,  21.69;  S,  8.70.  C,  56.86;  H,  8.34;  Br,  20.42;  S, 
5.27.  This  compound  is  unstable  and  decomposition  during  shipping  probably  lead  to  the 
errors  in  the  elemental  analysis. 

2.2.2  Lophine  Derivatives 

The  methoxy-substituted  lophine  derivatives  were  prepared  so  that  the  metal 
complexation  behavior  of  these  types  of  materials  could  be  studied,  while  the  octaoxy-  and 
hexadecyloxy-derivatives  were  prepared  to  determine  their  behavior  in  Langmuir  and 
Langmuir-Blodgett  films.  The  result  of  these  studies  are  reported  in  Chapter  4 of  this 
dissertation.  The  synthetic  route  reported  here  is  similar  to  a route  used  by  Moylan  et  al. 
to  prepare  other  lophine  derivatives,100  however,  the  work  up  procedure  was  modified  so 
that  the  purity  would  be  sufficient  for  Langmuir  studies.  The  synthetic  route  is  shown  in 
Figure  2.2  and  additional  information  is  provided  in  Table  2.1. 

2,2.2, 1 4.4'-Dihvdroxvbenzil 

4,4'-Dimethoxybenzil  (7.00  g,  25.9  mmol)  was  refluxed  in  aqueous  HBr  (48%,  200 
mL)  and  acetic  acid  (60  mL)  for  4 h.  The  mixture  was  cooled  and  upon  the  addition  of 
water  (200  mL),  precipitation  occurred.  The  precipitate  was  filtered,  washed  with  water, 
and  dried  under  vacuum  to  give  a white  product  in  92%  yield  (5.80  g,  23.9  mmol),  mp 
250-252° C.  [lit.  mp  250-255° C]100;  *H  NMR(DMSO)  6 6.86  (d,4H),  7.74  (d,  4H).  13C 
NMR(DMSO)  6 116.8,  126.0,  133.4,  165.3,  195.6.  MS(CI)  exact  mass  calcd.  (m+1) 
243.0657,  found  243.0653. 
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2.22.2  General  procedure  for  the  synthesis  of  4.4,-dialkoxybenzil 

4,4'-Dihydroxybenzil  (5.00  g,  20.7  mmol),  the  appropriate  1-iodo-  or  1-bromo- 
alkane  (41.4  mmol),  benzyltriethyammonium  chloride  (1.50  g,  8.77  mmol),  potassium 
carbonate  (5.75  g,  41.4  mmol)  and  150  mL  of  DMF  were  stirred  and  maintained  at 
temperatures  between  1 10-120°C  for  1 .5  h.  Upon  completion  of  the  reaction,  the  mixture 
was  cooled,  water  added,  and  the  product  precipitated.  Further  purification  was  carried 
out  by  column  chromatography  (silica  gel/  methylene  chloride). 


Table  2.1.  Chemical  structure  of  lophine  derivatives.  See  Scheme  2.2  for  definitions  of  R, 
R’,  and  R”. 


R 

R' 

R" 

IM 

ch3 

H 

H 

DI 

ch3 

ch3 

H 

CA 

ch3 

H 

COOH 

8IM 

CgH17 

H 

H 

8DI 

CgH17 

ch3 

H 

8NO 

CgH17 

H 

no2 

8CA 

CgHn 

H 

COOH 

16IM 

^16^33 

H 

H 

16DI 

C 16^33 

ch3 

H 

16CA 

^16^3 

H 

COOH 

38 


92% 


R=  C8H17(91%),C16H33  (82%) 


48%  HBrin  H20 


Acetic  Acid 


I C8H17  or  BrC^gH33 
K2C03,  C6H5N(C2H5)3CI 

► 

DMF 


NH4OAc,  Acetic  Acid 


Figure  2.2.  Synthesis  of  lophine  derivatives. 
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2. 2.2. 3 4.4'-Dioctaoxvbenzil 

The  yield  was  91%  (8.83  g,  18.9  mmol),  mp  66-67° C.  TiNMR(CDCl3)  6 0.88  (t, 
6H),  1.29  (s,  16  H),  1.44  (m,  4H),  1.79  (m,  4H),  4.02  (t,  4H),  6.93  (d,  4H),  7.91  (d,  4H). 
13C  NMR  (CDClj)  6 14.0,  22.6,25.9,  29.0,  29.2,  29.2,31.7,68.4,  114.7,  126.1,  132.3, 
164.5,  193.5.  Anal.  Calcd.  for  C30H42O4:  C,  77.21;  H,  9.07.  Found:  C,  77.18;  H,  9.32. 
MS(FAB)  exact  mass  calcd.  (m+1)  467.3161,  found  467,3163. 

2. 2. 2. 4 4.4'-Dihexadecoxvbenzil 

The  yield  was  82%  (1 1.7  g,  17.0  mmol),  mp  79-81°C.  *H  NMR(CDC13)  6 0.88  (t, 
6H),  1.24  (s,  24H),  1.44  (m,  4H),  1.80  (m,  4H),  4.02  (t,  4H),  6.94  (d,  4H),  7.92  (d,  4H). 
13C  NMR  (CDC13)  6 14.1,22.6,  25.9,  29.0,29.3,29.5,29.6,31.9,  68.4,  114.6,  126.0, 
132.3,  164.4,  194.4.  Anal.  Calcd.  for  C^O,:  C,  79.95;  H,  10.79.  Found:  C,  79.03;  H, 
11.18,  MS(CI)  exact  mass  calcd.  (m+1)  691.5665,  found  691.5689. 

2.2.2. 5 General  procedure  for  the  synthesis  of  the  lophine  derivatives 

The  appropriate  benzaldehyde  (30  mmol)  and  4,4'-dialkoxybenzil  (30  mmol)  were 
heated  with  ammonium  acetate  (10  g)  in  acetic  acid  for  4 h at  1 15°C.  The  reaction 
mixture  was  allowed  to  cool  and  water  was  added.  The  product  was  extracted  with 
methylene  chloride,  (except  for  the  acid  derivatives)  washed  with  saturated  potassium 
carbonate,  and  dried  over  magnesium  sulfate.  The  solvent  was  removed  under  reduced 
pressure  and  the  product  was  heated  to  above  its  melting  point  under  vacuum  to  remove 
any  trace  acetic  acid.  In  some  instances  it  was  necessary  to  further  purify  the  compounds 
by  column  chromatography  (silica  gel/  methylene  chloride).  All  of  the  compounds  were 
white  solids  unless  otherwise  stated.  Any  modifications  to  this  procedure  are  described 


with  the  individual  derivatives. 
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222.6,  2-(PhenvlV4.5-bis(4'-methoxyphenyl)imidazole  (IM) 

Yield:  77%.  mp  200-201°C.  *H  NMR  (DMSO)  6 3.78  (s,  6H),  6.79  (m,  4H), 

7.12  (m,2H),  7.25  (m,  7H),  8.06  (m,  2H).  13C  NMR  (DMSO) 6 55.1,  113.8,  125.0,  128.0, 

128.6,  128.9,  130.5,  144.8,  158.3.  Anal.  Calcd.  for  C^H^NA:  C,  77.51;  N,  7.85;  H, 
5.65.  Found:  C,  77.69;  N,  7.93;  H,  5.84  . MS(FAB)  exact  mass  calcd.  (m+1)  357.1603, 
found  357.1599  . 

2. 2, 2, 7 2-(Phenvll-4.5-bis(4'-octaoxvphenvl)imidazole  (8IM) 

Yield:  70%.  mp  78-84°C.  'H  NMR  (CDC13)  6 0.79  (t,  6H),  1.20  (s,  16H),  1.32 
(m,  4H),  1.65  (m,  4H),  3.79  (s,  4H),  6.65  (m,  4H),  7.20  (m,  7H),  7.68  (m,  2H).  13C  NMR 
(CDC13)  6 14.0,  22.0,  26.0,  29.2,  29.2,  29.3,  31.8,  67.9,  114.3,  125.3,  127.4,  127.9, 

128.2,  128.5,  129.0,  130.0,  145.6,  158.2  Anal.  Calcd.  forC37H48NA:  C,  80.39;  N,  5.06; 
H,  8.75.  Found:  C,  80.38;  N,  5.13;  H,  9.1 1.  MS(FAB)  exact  mass  calcd.  (m+1)  553.3794, 
found  553.3759. 

2JL2,8  2-(Phenyl)-4.5-bis(4'-hexadecoxvphenvl)imidazole  ( 1 6IM1 

Yield:  79%.  mp  95-96°  C.  *H  NMR  (CDC13)  6 0.83  (t,  6H),  1.21  (s,  48H),  1.41 
(m,  4H),  1.74  (m,  4H),  3.91  (s,  4H),  6.82  (m,  4H),  7.30  (m,  7H),  7.83  (m,  2H).  Anal. 
Calcd.  for  C^NA:  C,  81.91,  N,  3.60;  H,  10.37.  Found:  C,  81.67;  N,  3.45;  H,  10.68. 
MS(FAB)  exact  mass  calcd.  (m+1)  777.6298,  found  777.6284. 

222.9.  2-(2'J,-Dimethvlphenyll-4.5-bis(4'-methoxvphenvllimidazole  (Dll 

Yield:  77%.  mp  208-209° C.  *H  NMR  (CDC13)  6 2.22  (s,  3H),  2.39  (s,  3H),  3.78 
(s,  6H),  6.79  (m,  4H),  7.12  (m,  2H),  7.25  (s,  1H),  7.39  (d,  4H).  13C  NMR  (CDC13)  6 

20.3.20.6,  65.0,  113.7,  125.9,  128.8,  129.1,  129.2,  130.7,  132.8,  134.9,  145.8,  158.4. 
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Anal.  Calcd.  for  C25H24N204:  C,  78.10;  N,  7.28;  H,  6.29.  Found:  C,  78.37;  N,  7.38;  H, 
6.55.  MS(CI)  exact  mass  calcd.  (m+1)  385.1916,  found  385.1920. 

2,2.210  2-(2,.5,-DimethvlphenvlV4.5-bis(4'-octaoxyphenyl)imidazole  (8DI) 

Yield:  77%.  mp  56-58°C.  'U  NMR(CDC13)  6 0.88  (t,  6H),  1.29  (s,  14H),  1.46 
(m,  4H),  1.79  (m,  4H),  2.32  (s,  3H),  2.53  (s,  3H),  3.96  (s,  6H),  6.87  (m,  4H),  7.07  (d, 

1H),  7.15  (d,  1H),  7.44  (m,  5H).  13C  NMR  (CDC13)  6 14.1,  20.6,  20.8,  22.6,  26.0,  29.2, 
29.3,  29.3,  31.8,  68.0,  114.5,  128.9,  129.3,  129.6,  131.1,  132.8,  135.4,  145.8,  158.4. 
Anal.  Calcd.  for  C39H52N202:  C,  80.64;  N,  4.82;  H,  9.02.  Found:  C,  80.74;  N,  4.85;  H, 
9.26.  MS(FAB)  exact  mass  calcd.  (m+1)  581.4107,  found  581.4031. 

2.2.2. 1 1 2-(2,,5,-Dimethylphenyl)-4.5-bis(4,-hexadecoxvphenvlMmidazole  ( 1 6DI) 

Yield:  77%.  mp  86-90° C.  *H  NMR  (CDC13)  6 0.88  (t,  6H),  1.27  (s,  H),  1.47  (m, 

4H),  1.79  (m,  4H),  2.35  (s,  3H),  2.58  (s,  3H),  3.97  (s,  6H),  6.87  (m,  4H),  7.1 1 (d,  1H), 
7.15  (d,  1H),  7.49  (m,  5H).  13C  NMR(CDC13)  6 14.1,  20.7,  20.8,  22.7,  26.1,  29.3,  29.4, 
29.6,  31.9,  68.0,  114.5,  128.9,  129.3,  129.4,  129.6,  131.1,  132.8,  135.4,  145.7,  158.4. 
Anal.  Calcd.  for  C55H84N202:  C,  82.03;  N,  3.48;  H,10.89.  Found:  C,  81.85;  N,  3.49;  H, 
10.88.  MS(FAB)  exact  mass  calcd.  (m+1)  805.661 1,  found  805.6621. 

2.2.2.12  2-(4'-£arbQxyphenyl)-4.  S -bis(4'-methoxypjienyl)Lmida^Q.k  ( 1 C A) 

4-Carboxybenzaldehyde  (1.00  g,  6.66  mmol),  4,4'-dimethoxybenzil  (1.80  g,  6.66 

mmol),  ammonium  acetate  (10  g),  and  acetic  acid  were  refluxed  for  5 h.  When  the 
reaction  was  complete  as  determined  by  TLC,  methylene  chloride  was  added  to  the  still 
warm  solution.  The  solution  was  quickly  extracted  with  several  portions  of  water  and  the 
organic  phase  separated  and  dried  over  magnesium  sulfate.  A pale  yellow  precipitate 
formed  over  the  next  several  hours  and  was  collected  by  filtration.  The  solid  was  heated 
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above  its  melting  point  under  vacuum  to  remove  any  residual  acetic  acid.  Yield:  87% 

(2.31  g,  5.79  mmol),  mp  265-270° C.  *H  NMR  (DMSO)  6 3.78  (s,  6H),  6.90  (m,  4H), 
7.45  (d,  4H),  8. 10  (m,  4H).  13C  NMR  (DMSO)  6 55.2,  113.9,  124.9,  129.8,  130.0,  134.2, 
143.9,  167.2,  172.1.  FTIR  (KBr)  2923,  2546,  1646,  1612,  1507,  1386,  1250,  1182, 

1032,  866,  832,  802,  771,  532  cm'1.  Anal.  Calcd.  for  C24H20N2O4:  C,  71.99;  N,  6.91;  H, 
5.03.  Found:  C,  71.90;  N,  7.01;  H,  5.17.  MS(EI)  exact  mass  calcd.  (m+)  400.1423,  found 
400.1413. 

22X 1 3 2-(4,-Carboxvphenvll-4.5-bis('4,-octaoxyphenvl)imidazole  (8CA) 

This  compound  is  a green  solid.  Yield:  82%.  mp  221-222  °C.  *H  NMR  (DMSO) 

6 0.91  (t,  6H),  1.37  (s,  16H),  1.58  (m,  4H),  1.87  (m,  4H),  3.93(t,  4H),  6.90  (m,  4H),  7.40 
(m,  4H),  7.90  (m,  4H).  Calcd.  for  C3gH48N204:  C,  76.48;  N,  4.69;  H,  8.1 1.  Found:  C, 
76.17;  N,  4.51;  H,  8.12.  MS(FAB)  exact  mass  calcd.  (m+1)  597.3692,  found  597.3695. 
222, 14  2-(4'-Carboxvphenvl)-4.5-bis(4'-hexadecoxvphenvl)imidazole  (16CA) 

This  compound  was  a yellow  solid.  Yield:  92%  (1.10  g,  1 .34  mmol),  mp  2 1 1- 
213°C.  *H  NMR  (DMSO)  6 0.97  (t,  6H),  1.35  (m,  52H),  1.88  (m,  4H),  4.10  (m,  4H), 

6.90  (m,  4H),  7.56  (m,  4H),  8.02  (m,  4H).  13C  NMR:  Due  to  low  solubility  was  not 
possible.  FTIR  (KBr)  2922,  1716,  1611,  1499,  1467,  1379,  1245,  1175,  1016,  831,  718, 
600,  529  cm'1.  Anal.  Calcd.  for  C54H80N2O4:  C,  78.97;  N,  3.41;  H,  9.81.  Found:  C,  78.63; 

N,  3.36;  H,  10.24.  MS(CI)  exact  mass  calcd.  (m+1)  821.6196,  found  821.6187. 

2.2,2- 1 5 2-(4,-NitroDhenyl)-4.5-bis(4'-octaoxvphenvl)imidazole  ( 8NO) 

This  compound  is  a red  solid  that  was  purified  using  column  chromatography 
(silica  gel/  30%  ethyl  ether  in  hexanes).  Yield  58%.  mp  75-76  °C.  ‘H  NMR  (CDC13)  6 

O. 88  (t,  6H),  1.27  (s,  16H),  1.44  (m,  4H),  1.77  (m,  4H),  3.93  (m,  6H),  6.82  (d,  4H),  7.36 
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(m,  4H),  7.92  (d,  2H),  8.13  (d,  2H).  13C  NMR  (CDC13)  5 14.1,  22.6,  26.0,  29.1,  29.2, 
29.3,  31.8,  68.0,  114.5,  124.1,  125.3,  129.0,  135.6,  143.0,  146.9,  158.8.  Calcd.  for 
N304:  C,  74.34;  N,  7.02;  H,  7.92.  Found:  C,  74.45;  N,  6.93;  H,  8.03.  MS(FAB)  exact 
mass  calcd.  (m+1)  598.3644,  found  598.3645. 

2,2,3  2-(2'. 5'-Bis(tetrahvdrothiopheniumylmethyl)phenyl)-4.5-bis(4'-octaoxyphenyl)- 

imidazole  Dichloride 

2-(2',5'-Bis(tetrahydrothiopheniumylmethyl)phenyl)-4,5-bis(4'-octaoxyphenyl) 
imidazole  dichloride  was  synthesized  using  a novel,  10-step,  convergent  synthesis,  which 
is  shown  in  Figure  2.3.  This  monomer  was  synthesized  so  that  its  polymerization  behavior 
in  Langmuir  film  could  be  studied.  The  polymerization  of  this  monomer  is  discussed  in 
Chapter  5 of  this  dissertation.  As  part  of  developing  the  route  to  the  monomer,  the  model 
compound,  2-(2'-(methoxymethoxymethyl)phenyl)-4,5-bis(4'-methoxyphenyl)imidazole 
was  prepared  in  a three-step  synthesis  that  is  shown  in  Figure  2.4.  During  the  preparation 
of  this  simple  compound,  much  was  learned  about  the  requirements  for  this  synthesis.  The 
details  of  this  synthesis  are  discussed  in  Chapter  5. 

2.2.3. 1 2-Iodoterephthalic  acid 

2-Aminoterephthalic  acid  (10.00  g,  55.25  mmol)  was  suspended  in  6 M sulfuric 
acid  (50  mL)  and  cooled  to  0°C.  To  the  stirred  suspension,  sodium  nitrite  (4.00  g,  58.0 
mmol  in  1 0 mL  H20)  was  added  rapidly.  At  the  moment  of  complete  dissolution,  the 
diazonium  salt  solution  was  poured  into  a 1000  mL  beaker  (CAUTION)  that  contained 
potassium  iodide  (9.63  g,  58.0  mmol  in  15  mL  H20).  The  maroon  colored  solution  was 
stirred  and  heated  to  boiling  for  ca.  30  min.  The  reaction  was  complete  when  the  dark 
color  disappeared  and  a tan  precipitate  formed.  The  precipitate  was  filtered  and  washed 
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with  water.  To  facilitate  drying,  the  solid  was  dissolved  in  ethyl  ether  and  dried  over 
magnesium  sulfate.  The  solvent  was  removed  under  reduced  pressure  to  give  a yellow 
solid  (15.16  g,  51.93  mmol)  in  94%  yield,  mp  299-301.  !H  NMR(DMSO)  6 7.75  (d,  1H), 
7.97  (d,  1H),  8.40  (s,  1H).  13C  NMR  (DMSO)  6 93.6,  128.9,  129.8,  133.7,  140.7,  140.1, 
165.3,  167.9.  FTIR  (KBr)  2818,  2650,  2500,  1690,  1553,  1480,  1412,  1380,  1296,  1258, 

1 135,  1054,  1034,  915,  782,  747,  579,  540  cm'1.  MS(EI)  exact  mass  calcd.  (m+) 

291.9232,  found  291.9194. 

2.23.2  2 .5  -Bisfhvdroxvmethvlt- 1 -iodobenzene 

2-Iodoterephthalic  (5.00  g,  17.1  mmol)  was  placed  into  a round  bottom  flask  with 
a magnetic  stir  barr.  The  flask  was  cooled  to  0°  C under  dry  nitrogen.  Borane  -THF  (50 
mL,  1.0  M solution)  was  added  via  syringe  over  15  min.  The  solution  was  stirred  for  1 h 
at  0°C  and  was  then  allowed  to  warm  to  RT  and  stir  12  h.108  The  reaction  was  quenched 
by  the  careful,  dropwise  addition  of  water.  Ethyl  ether  was  added  and  the  organic  layer 
was  washed  with  several  portions  of  saturated  potassium  carbonate.  The  organic  extract 
was  dried  over  magnesium  sulfate.  The  yield  of  the  white  powder  was  80  % (3.60  g,  13.6 
mmol),  mp  11M12°C.  ’HNMR(DMSO)  6 4.46  (m,  4H),  5.30  (t,  1H),  5.45  (t,  1H),  7.37 
(d,  1H),  7.47  (d,  1H),  7.81  (s,  1H).  13C  NMR  (DMSO)  6 63.9,  69.2,  97.4,  127.9,  128.8, 
138.5,  143.3,  143.9.  FTIR  (KBr)  3257,  2416,  1700,  1600,  1555,  1481,  1401,  1360,  1199, 
1020,  816,  661  cm’1.  Anal.  Calcd.  for  CgHJO^  C,  36.39;  H,  3.43.  Found:  C,  36.48;  H, 
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Figure  2.3.  Synthetic  route  to  2-(2',5'-bis(tetrahydrothiopheniumylmethyl)phenyl)-4,5- 
bis(4'-octaoxyphenyl)  imidazole  dichloride  (MONLOPH). 
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2,2,3  3 2. 5-Bis( methoxymethoxymethvDiodobenzene 

Phosphorous  pentoxide  (CAUTION:  25  g in  2 g portions)  was  added  to  a stirred 
solution  of  2,5-bis(hydroxy  methyl)-  1-iodobenzene  (3.30  g,  12.5  mmol)  in  phosphorus 
pentoxide  dried  chloroform  (50  mL)  and  methylal  (25  mL).109  The  reaction  was 
monitored  by  TLC  and  was  complete  upon  the  addition  of  all  reagents.  The  reaction 
mixture  was  poured  into  a cooled,  saturated  solution  of  sodium  carbonate  (CAUTION) 
and  extracted  with  methylene  chloride.  The  organic  extract  was  washed  with  water  and 
dried  over  magnesium  sulfate.  The  solvent  was  removed  under  reduced  pressure  to  yield 
3.42  g (9.72  mmol,  78%)  of  a dark  yellow  oil.  *H  NMR(CDC13)  6 3.40  (s,  3H),  3.43  (s, 
3H),  4.53  (s,  2H),  4.58  (s,  2H),  4.69  (s,  2H),  4.75  (s,  2H),  7.33  (d,  1H),  7.42  (d,  1H), 
7.85  (s,  1H).  13C  NMR  (CDC13)  6 55.3,  55.5,  67.7,  72.9,  95.6,  96.0,  97.8,  127.5,  128.7, 
138.3,  139.2,  139.5.  FTIR(KBr)  2935,  1458,  1375,  1210,  1150,  1104,  1050,918,  824, 
668  cm'1.  Anal.  Calcd.  for  C12H17I04.  C,  40.93;  H,  4.87.  Found:  C,  40.83;  H,  5.13. 
MS(EI)  exact  mass  calcd.  (m+)  352.0172,  found  352.01 17. 

2.2. 3. 4 2.5-Bis(methoxvmethoxymethvl)- 1 -benzaldehvde 

2,5-Bis(methoxy-methoxymethy)- 1-iodobenzene  (3.00  g,  8.52  mmol)  and 
tetrakistriphenylphosphine  palladium  (prepared  as  described  below,  0.60  g,  0.51  mmol) 
were  suspended  in  20  mL  of  toluene.  The  system  was  flushed  5 times  with  carbon 
monoxide  and  placed  in  an  oil  bath  at  50°  C. 110,111  At  this  temperature  complete  solution 
occurred.  Tributyltin  hydride  (2.7  mL,  9.4  mmol)  was  diluted  to  10  mL  with  toluene  in  a 
gas  tight  syringe.  This  solution  was  added  dropwise  over  4-6  h.  The  reaction  was  deemed 
complete  when  upon  addition  of  the  tributyltin  hydride  the  solution  remained  dark  brown. 
The  crude  reaction  mixture  was  diluted  with  ethyl  ether  (25  mL)  and  stirred  with  a 
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solution  of  potassium  fluoride  (25  g per  100  mL)  for  12  h.  The  white  precipitate  that 
formed  was  filtered  through  a plug  of  glass  wool  and  discarded.  The  organic  layer  was 
separated,  washed  with  water,  and  dried  over  magnesium  sulfate.  The  solution  was 
concentrated  and  the  crude  material  was  purified  by  column  chromatography  (silica  gel/ 
65%ethyl  ether  / hexanes).  A 75  % yield  (1.63  g,  6.39  mmol)  of  the  yellow  oil  was 
obtained.  ’H  NMR(CDC13)  6 3.31  (s,  6H),  4.61  (m,  8H),  7.52  (m,  2H),  7.78  (s,  1H), 
10.15  (s,  1H).  13C  NMR  (CDClj)  6 55.5,  66.4,  68.1,  68.8,  95.5,  96.1,  127.9,  128.6, 
131.9,  132.9,  137.3,  139.7,  192.4.  FTIR  (KBr)  2935,  1693,  1458,  1376,  1200,  1150, 
1102,  1044,  918,  825,  575  cm'1.  Anal.  Calcd.  for  C13Hlg05:  C,  61.41;  H,  7.13.  Found:  C, 
61.41;  H,  7.53.  MS(CI)  exact  mass  calcd.  (m+1)  255.1232,  found  255.1293. 

2, 2, 3, 5 Tetrakisftriphenvlphosphinelpalladium  tOl112 

Palladium  dichloride  (0.50  g,  2.8  mmol),  triphenylphosphine  (3.69  g,  14.1  mmol), 
and  DMSO  (34  mL)  were  placed  in  a round  bottom  flask  with  a magnetic  stirring  bar 
under  a nitrogen  atmosphere.  The  stirred  mixture  was  heated  to  140°  C and  complete 
solution  occurred.  The  heating  bath  was  taken  away  and  0.56  mL  (11  mmol)  of  hydrazine 
monohydrate  was  added  immediately.  The  solution  cooled  without  external  cooling  or 
stirring  and  crystallization  occurred.  The  mixture  was  filtered  and  the  solid  washed  with 
portions  of  ethanol  and  ether.  The  yellow  crystalline  material  was  dried  under  nitrogen. 
Yield:  93%,  3.00  g.  Anal.  Calcd.  for  C72H60PdP4:  C,  75.88;  H,  5.25.  Found:  C,  73.81;  H, 
5.39. 

22.3.6  2-(_2'.5'-Bis(methoxymethoxvmethvl)phenvl)-4.5-bis(4'-octaoxvphenvn  imidazole 
2,5-Bis(methoxymethoxymethyl)-l-benzaldehyde  (1.50  g,  5.88  mmol),  4,4'- 
dioctaoxybenzil  (2.88  g,  6.17  mmol),  and  ammonium  acetate  (10  g)  were  heated  at  75°  C 


48 


for  24  h in  acetic  acid.  Upon  completion  of  the  reaction,  water  and  methylene  chloride 
were  added  to  the  reaction  mixture.  The  organic  layer  was  washed  with  several  portions 
of  sodium  carbonate  and  dried  with  magnesium  sulfate.  The  solvent  was  removed  under 
reduced  pressure  and  further  purification  was  carried  out  using  column  chromatography 
(silica  gel  / 60%ethyl  ether/  hexanes).  The  yield  of  the  yellow  oil  was  72%  (2.96  g,  4.23 
mmol).  *H  NMR  (CDC13)  6 0.84  (t,  6H),  1.26  (s,  16H),  1.46  (m,  4H),  1.76  (m,  4H),  3.30 
(s,  3H),  3.38  (s,  3H),  3.96  (t,  4H),  4.66  (s,  2H),  4.73  (s,  2H),  4.75  (s,  2H),  4.80  (s,  2H), 
6.84  (m,  4H),  7.34  (m,  7H),  8.16  (s,  1H).  13C  NMR  (CDC13)  6 14.1,  22.6,  26.0,  29.2, 

29.3.31.8.55.3,  55.7,  68.0,  68.6,  68.8,  94.4,  95.6,  114.3,  114.7,  127.3,  127.9,  128.6, 
129.1,  131.3,  131.6,  132.1,  139.2,  144.6,  159.2.  Anal.  Calcd.  for  C^NA:  C,  73.68; 
N,  3.99;  H,  8.62.  Found:  C,  73.36;  N,  4.23;  H,  9.04.  MS(EI)  exact  mass  calcd.  (m+1) 
701.4529,  found  701.4569. 

2.2, 3, 7 2-(2,.5'-bis(hvdroxymethvl)phenyll-4.5-bisf4,-octaoxyphenyllimidazole 

2-(2',5'-Bis(methoxymethoxymethyl)phenyl)-4,5-bis(4'-octaoxyphenyl)imidazole 
(1.30  g,  1.85  mmol)  was  refluxed  with  HC1  (1  drop  per  100  mg)  in  ethyl  ether.  After  16 
h,  the  product  precipitated  and  was  filtered.  The  white  powder  was  dried  over  night  under 
vacuum  to  yield  800  mg  (1.31  mmol,  70%).  mp  183-185°C.  lH  NMR(CDC13)  6 0.87  (t, 
6H),  1.26  (s,  16H),  1.42  (m,  4H),  1.74  (m,  4H),  3.89  (t,  4H),  4.41  (s,  2H),  4.59  (s,  2H), 
6.84  (d,  4H),  7.02  (d,  1H),  7.18  (d,  1H),  7.42  (d,  4H),  8.17  (s,  1H).  13C  NMR  (CDC13)  6 
14.1,22.6,  26.0,  29.2,  29.2,  29.3,31.8,  63.0,  68.3,  115.0,  118.6,  122.4,  128.2,  128.5, 

129.3,  131.2,  136.4,  142.6,  142.7,  160.1.  Anal.  Calcd.  for  C39H53N204C1:  C,  72.14;  N, 
4.31;  H,  8.22.  Found:  C,  72.41;  N,  4.37;  H,  8.44.  MS(FAB)  exact  mass  calcd.  (m+1) 
613.4005,  found  613.4022. 
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22 i.g.  2-(2'J'T.Bis(chlQrQinethvl)Dhenvl)-4.5-bis(4'-octaoxyphenvl)  imidazole 

2-(2',5'-Bis(hydroxymethyl)phenyl)-4,5-bis(4'-octaoxyphenyl)  imidazole  (300  mg, 
0.49  mmol)  was  cooled  using  an  ice  bath  and  thionyl  chloride  (1  mL)  was  added  slowly, 
with  stirring  until  all  of  the  solid  dissolved.  The  ice  bath  was  removed,  and  the  mixture 
was  allowed  to  stir  for  2 h.  The  reaction  flask  was  returned  to  an  ice  bath  and  absolute 
ethanol  was  added  dropwise  to  minimize  vigorous  bubbling.  The  solution  was  heated  to 
50°  C for  15  min  and  then  the  amount  of  solvent  was  reduced  to  1 mL  under  reduced 
pressure.  Pentane  was  added  and  a white  solid  precipitated.  The  yield  was  82%(  260  mg, 
0.40  mmol).  This  compound  decomposes  at  130° C.  ’H  NMR(CDC13)  6 0.89  (t,  6H),  1.29 
(s,  20H),  1.73  (m,  4H),  3.86  (t,  4H),  4.38  (s,  2H),  4.85  (s,  2H),  6.74  (m,  4H),  7.40  (m, 
6H),  7.71  (s,  1H).  13C  NMR  (CDC13)  6 14.1,22.6,26.0,29.2,29.2,29.3,31.8,44.5, 
45.0,  63.0,  115.0,  118.6,  122.4,  128.1,  128.5,  129.3,  131.2,  136.4,  142.6,  142.7,  160.1. 
Anal.  Calcd.  for  C39H51 N202C13 : C,  68.27;  N,  4.08;  H,  7.49;  Cl,  15.49.  Found:  C,  68.03; 
N,  3.90;  H,  7.36;  Cl,  15.26.  MS(FAB)  exact  mass  calcd.  (m+1)  649.3327,  found 
649.3324. 

2,2, 3, 9 2-(2'.5'-Bis(tetrahydrothiopheniumvlmethvnphenvl)-4.5 -bisi 4'-octaoxvphenvl ) 

imidazole  dichloride  (MONLOPHt 

2-(2',5'-Bis(chloromethyl)phenyl)-4,5-bis(4'-octaoxyphenyl)  imidazole  (200  mg) 
was  heated  to  50°  C in  absolute  ethanol  (5  mL)  and  tetrahydrothiophene  (5  mL)  for  24  h. 
Upon  completion  of  the  reaction,  the  solvent  and  excess  tetrahydrothiophene  were 
removed  under  reduced  pressure.  A white  solid  that  melted  at  79-83  °C  was  obtained  in 
quantitative  yield.  The  compound,  which  was  unstable  at  room  temperature,  was  stored  at 
0°C.  'HNMR(CDC13)  6 0.89  (t,  6H),  1.29  (s,  20H)  ,1.41  (s,  4H),  1.75  (s,  4H),  2.00- 
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3.80  (m,  16H),  3.92  (s,  4H),  4.58  (s,  2H),  5.05  (s,  2H),  6.87  (s,  4H),  7.56  (m,  7H).  Anal. 
Calcd.  for  C^H^Clj  N202S2  C,  65.45;  N,  3.24;  H,  7.83;  Cl,  1 1.98;  S,  7.42.  Found:  C, 
64.58;  N,  3.31;  H,  7.81;  Cl,  1 1.88;  S,  6.25.  This  compound  is  unstable  and  probably 
decomposed  during  shipping,  leading  to  errors  in  the  elemental  analysis. 

2.2.3.10  2-Iodo-p-xvlene 

2,5-Dimethylaniline  was  dissolved  in  3 M sulfuric  acid  (50  mL)  and  cooled  to  0°C. 
To  the  stirred  solution,  sodium  nitrite  (4.00  g,  58.0  mmol  in  10  mL  H20)  was  added 
rapidly.  At  the  moment  of  complete  dissolution,  the  diazonium  salt  solution  was  poured 
into  a 1000  mL  beaker  (CAUTION)  that  contained  potassium  iodide  (9.63  g,  58.0  mmol 
in  15  mL  H20).  The  maroon  colored  solution  was  stirred  and  heated  to  boiling  for  ca.  20 
min.  The  mixture  was  cooled  and  methylene  chloride  added.  The  organic  phase  was 
washed  with  several  portions  of  dilute  sodium  metabisulphite  and  sodium  hydroxide  and 
water,  and  then  dried  with  magnesium  sulfate.  After  the  solvent  was  removed  under 
reduced  pressure,  an  oil  was  recovered  in  96%  yield.  'H  NMR  (CDC13)  6 2.25  (s,  3H), 
2.37  (s,  3H),  7.04  (q,  2H),  7.63  (s,  1H).  13C  NMR  (CDC13)  6 20.2,  27.4,  101.0,  128.9, 
129.3,  137.1,  138.1,  139.3.  Anal.  Calcd.  forC8H<>I:  C,  41.41;  H,  3.47.  Found:  C,  41.59; 

H,  3.94.  MS(EI)  exact  mass  calcd.  (m+)  231.9749,  found  231.9744. 

2 2 3 11  2.5  -BisfbromomethvDiodobenzene 

2-Iodo-p-xylene  (5.00  g,  21.4  mmol)  was  refluxed  with  NBS  (6.61  g,  45.1mmol) 
in  carbon  tetrachloride  for  4 h.  The  solution  was  filtered  and  the  solvent  was  removed 
under  reduced  pressure.  Further  purification  was  carried  out  by  column  chromatography 
(60%  methylene  chloride  / hexanes).  The  yield  was  67%.  mp  102-103°  C.  'H  NMR 
(CDC13)  6 4.38  (s,  3H),  4.57  (s,  3H),  7.40  (q,  2H),  7.87  (s,  1H).  13C  NMR  (CDC13)  6 
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30.9,  37.9,  99.8,  127.2,  129.4,  130.5,  139.7,  140.2.  Anal.  Calcd.  for  C8H7Br2I:C,  24.65; 


H,  1.81.  Found:  C,  24.39;  H,  1.65.  MS(EI)  exact  mass  calcd.  (m+)  387.7959,  found 
387.7911. 

2.2.3. 12  2.5-Bis(hvdroxvmethvl)aniline 

2-Aminoterephthalic  acid  (5.00  g,  27.6  mmol)  was  dissolved  in  potassium  dried 
THF  (25  mL)  and  added  via  an  addition  funnel  to  a stirred  suspension  of  lithium  aluminum 
hydride  in  potassium  dried  THF.  The  reaction  was  stirred  at  room  temperature  for  24  h. 
After  that  time,  the  reaction  was  quenched  with  water.  The  solution  was  filtered,  the  solid 
was  washed  with  several  portions  of  THF,  the  solution  was  dried  with  magnesium  sulfate, 
and  the  solvent  removed  under  reduced  pressure.  The  yield  of  the  yellow  solid  was  77%. 
mp  122-123°C.  !H  NMR(DMSO)  6 4.36  (s,  4H),  4.90  (bm,  4H),  6.48  (d,  1H),  6.60  (s, 
1H),  6.97  (d,  1H).  13CNMR(DMSO)  6 60.7,  62.8,  112.5,  113.8,  123.5,  127.2,  141.6, 
145.8  . Anal.  Calcd.  for  C8HnN02:  C,  62.72;  H,  7.23;  N,  9.14.  Found:  C,  63.08;  H,  7.37; 
N,  9.14.  MS(EI)  exact  mass  calcd.  (m+)  153.0790,  found  153.0860. 


Figure  2.4.  Synthesis  of  2-(2'-methoxymethoxymethylphenyl)-4,5-bis(4'- 
methoxyphenyl)imidazole. 
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2.2  3,13  2TMethoxvmethoxymethvDiodobenzene 

Phosphorous  pentoxide  (CAUTION:  20  g in  2 g portions)  was  added  to  a cooled 
(0°C),  stirred  solution  of  2-iodobenzyl  alcohol  (5.00  g,  21.4  mmol)  in  phosphorus 
pentoxide  dried  chloroform  (50  mL)  and  methylal  (25  mL).  The  reaction  was  monitored 
by  TLC  and  was  complete  upon  the  addition  of  all  reagents.  The  reaction  mixture  was 
poured  into  a cooled,  saturated  solution  of  sodium  carbonate  (CAUTION)  and  extracted 
with  methylene  chloride.  The  organic  extract  was  washed  with  water  and  dried  over 
magnesium  sulfate.  The  solvent  was  removed  under  reduced  pressure  to  yield  5.80  g 
(20.9  mmol,  98%)  of  a dark  yellow  oil.  ‘H  NMR(CDC13)  6 3.43  (s,  3H),  4.59  (s,  2H), 
4.76  (s,  2H),  6.91(t,  1H),  7.35  (t,  1H),  7.42  (d,  1H),  7.81  (d,  1H).  13C  NMR  (CDC13)  6 
55.4,73.0,95.9,97.7,  128.0,  128.7,  129.0,  139.0,  140.1.  FTIR  (KBr)  2944,  1465, 

1438,  1377,  1210,  1150,  1101,  1054,  1044,  1013,  918,  748  cm1.  MS(CI)  exact  mass 
calcd.  (m+1)  277.9804,  found  277.9756. 

2.2.3, 14  2-(Methoxymethoxymethyl)benzaldehyde 

2-(Methoxymethoxymethyl)  iodobenzene  (5.00  g,  17.9  mmol)  and 
tetrakistriphenylphosphine  palladium  ( 0.91  g,  0.86  mmol)  were  suspended  in  20  mL  of 
toluene.  The  system  was  flushed  5 times  with  carbon  monoxide  and  placed  in  an  oil  bath 
(50°  C).  At  this  temperature,  complete  solution  occurred.  Tributyltin  hydride  (6.2  mL,  20 
mmol)  was  diluted  to  1 0 mL  with  toluene  in  a gas  tight  syringe  and  added  dropwise  to  the 
reaction  over  2 h.  The  reaction  was  complete  when  upon  addition  of  the  tributyltin 
hydride,  the  solution  remained  dark  brown.  The  crude  reaction  mixture  was  diluted  with 
ethyl  ether  (25  mL)  and  stirred  with  a solution  of  KF  (25  g per  100  mL  water)  for  12  h. 
The  white  precipitate  that  formed  was  filtered  through  a plug  of  glass  wool  and  discarded. 
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The  organic  layer  was  separated,  washed  with  water,  and  dried  over  magnesium  sulfate. 
The  solution  was  concentrated  and  the  crude  material  was  purified  by  column 
chromatography  (silica  gel / methylene  chloride).  A 50  % yield  (1.60  g,  8.88  mmol)  of  the 
yellow  oil  was  obtained.  XH  NMR  (CDC13)  6 3.41  (s,  3H),  4.76  (s,  2H),  5.02  (s,  2H), 
7.50  (t,  1H),  7.62  (m,  2H),  7.86  (d,  1H),  10.23  (s,  1H).  13C  NMR  (CDC13)  6 53.2,  66.4, 
96.0  127.6,  128.2,  132.1,  133.2,  133.6,  140.2,  192.3.  FTIR  (KBr)  2930,  1696,  1600, 
1578,  1 197,  1150,  1 101,  1051,  919,  758  cm'1.  MS(CI)  exact  mass  calcd.  (m+1)  181.0865, 
found  181.0862. 

2.2.3 . 1 5 2-(2'-(McthQxvmethoxvmethvl)phenyl)-4.5-bis(4'-metho,xv  phenvllimidazole 
A solution  of  2-(methoxymethoxymethyl)- 1 -benzaldehyde  (0.50  g,  2.8  mmol), 
4,4'-dimethoxybenzil  (0.75  g,  2.8  mmol),  ammonium  acetate  (5  g,  65  mmol)  and  acetic 
acid  (20  mL)  was  carefully  maintained  at  80-85°  C for  6 h.  The  solution  was  cooled  and 
methylene  chloride  added.  The  organic  phase  was  washed  with  sodium  carbonate  and 
water,  dried  over  magnesium  sulfate  and  concentrated  under  vacuum.  The  crude  mixture 
was  purified  by  column  chromatography  (silica  gel/methylene  chloride  followed  by  50/50 
methylene  chloride/methanol)  to  yield  3.82  g (4  12  mmol,  70%)  of  an  off  white  solid,  mp 
50-52° C FTIR  (KBr)  2933,  1615,  1517,  1492,  1350,  1293,  1248,  1174,  1148,  1105, 
1031,971,833,771,745,593,541  cm'1.  *HNMR(CDC13)  6 3.36  (s,  3H),  3.84  (s,  6H), 
4.77  (s,  2H),  4.80  (s,  2H),  6.90  (d,  4H),  7.45  (m,  6H),  8.19  (m,  2H).  13C  NMR  (CDC13)  6 
55.0,  55.5,  68.2,  94.5,  113.9,  124.3,  128.8,  129.7,  129.9,  130.0,  131.7,  131.7,  132.3, 
144.6,  158.9.  MS(FAB)  exact  mass  calcd.  (m+1)  431.1970,  found  431.1987. 
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12  A 1 .4-Bis(tetrahvdrothiopheniumylmethvl)-2-octadecvlbenzene  Dibromide 

1 .4- Bis(tetrahydrothiopheniumylmethyl)-2-octadecylbenzene  dibromide  was 
synthesized  by  the  route  shown  in  Figure  2.5.  This  monomer  was  copolymerized  with  2- 
(2',5'-bis(tetrahydrothiopheniumylmethyl)phenyl)-4,5-bis(4'-octaoxyphenyl)  imidazole 
dichloride  (section  2.2.3)  in  a Langmuir  film. 

2,2.4, 1 2,5-Bis(methoxvmethoxvmethvO- 1 -octadecvnvlbenzene 

2.5- Bis(methoxymethoxymethyl)-l-octadecynylbenzene  (2.00  g,  5.68  mmol),  1- 
octadecyne  (1.56  g,  5.68  mmol),  copper  acetate  monohydrate  (0.01  g),  palladium 
dichloride  (0.01  g),  triphenylphosphine  (0.06  g),  and  triethylamine  (15  mL)  were  heated 
to  80°  C under  a nitrogen  atmosphere  for  24  h.  After  this  time,  the  solution  was  filtered 
and  the  solvent  was  removed  under  reduced  pressure.  The  product  was  purified  using 
column  chromatography  (silica  gel/  methylene  chloride).  A yellow  oil  was  obtained  in 
41%  yield  (1.1  g,  2.32  mmol).  3H  NMR(CDC13)  6 0.88  (t,  3H),  1.26  (s,  24H) , 1.41  (m, 
2H),  1.60  (m,  2H),  2.42  (t,  2H),  3.40  (s,  3H),  3.43  (s,  3H),  4.54  (s,  2H),  4.68  (s,  2H), 
4.74  (s,  2H),  4.75  (s,  2H),  7.23  (d,  1H),  7.46  (m,  2H).  13C  NMR  (CDC13)  6 14. 1,  19.5, 
22.6,  28.7,  28.9,  29.1,  29.3,  29.5,  29.6,  31.9,  55.3,  67.5,  68.3,  77.0,  95.2,  95.5,  96.1, 
122.8,  127.0,  127.6,  131.4,  137.0,  138.8.  Anal.  Calcd.  forC30H50O:  C,  75.90;  H,  10.61. 
Found:  C,  75.67;  H,  10.46;  MS(FAB)  exact  mass  calcd.  (m+1)  475.3787,  found 
475.3785. 

22A2  1 ,4-Bis(methoxvmethoxvmethvl)-2-octadecvlbenzene 

Bis(methoxymethoxymethyl)  -1-octadecynylbenzene  (0.90  g,  1.9  mmol)  was  stirred  with 
10%  palladium  on  carbon  in  hexane  under  a hydrogen  atmosphere  for  12  h.  The  solution 
was  filtered  and  the  solvent  was  removed  under  reduced  pressure  to  yield 
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1)  NaN02,  H2S04 

► 

2)  Kl 


BH3-THF 

► 


P2O5,  Methylal 

► 

CHCI3 


H2,  Pd/C 


Hexanes 


30%  HBr  /Acetic  Acid 


Figure  2.5.  Synthesis  of  2-(2,5-bis(tetrahydrothiopheniumylmethyl)octadecylbenzene 
dichloride  (MONC18). 
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0.84  g (1.7  mmol,  89  %)  of  a white  solid  that  melted  at  45-46°  C.  *H  NMR(CDC13)  6 
0.88  (t,  3H),  1.26  (s,  30H)  , 1.59  (m,  2H),  2.64  (m,  2H),  3.41  (s,  3H),  3.42  (s,  3H),  4.57 
(s,  2H),  4.61  (s,  2H),  4.69  (s,  4H),  7. 18  (m,  2H),  7.36  (d,  2H).  13C  NMR  (CDC13)  6 
14.1,  22.7,  29.3,29.5,29.7,29.8,31.2,31.9,32.4,55.3,55.4,66.7,  68.9,  95.5,95.6, 

125.3,  128.8,  129.3,  134.7,  137.4,  141.6.  Anal.  Calcd.  forC30H54O4:  C,  75.26 ; H,  11.36. 
Found:  C,  75.41;  H,  1 1.39.  MS(CI)  exact  mass  calcd.  (m+1)  479.4100,  found  479.4097. 

2, 2, 4, 3 1.4-Bistchloromethyl')-2-octadecylbenzene 

1.4- Bis(methoxymethoxymethyl)-2-octadecylbenzene  (0.80  g,  1.7  mmol)  was 
placed  in  a stirred  solution  of  hydrochloric  and  acetic  acid.  The  mixture  was  refluxed  for 
48  h and  then  poured  into  an  ice  cold  saturated  solution  of  sodium  carbonate.  The 
product  was  extracted  into  methylene  chloride,  washed  with  two  more  portions  of 
saturated  sodium  bicarbonate  and  water,  and  then  dried  over  magnesium  sulfate.  The 
solvent  was  removed  under  reduced  pressure.  Further  purification  was  carried  out  using 
column  chromatography  (silica/  60%  methylene  chloride  in  hexanes).  The  yield  was  92% 
(0.68  g,  1.6  mmol)  and  the  mp  was  74-75  °C.  ’H  NMR(CDC13)  6 0.88  (t,  3H),  1.26  (s, 

3 OH)  , 1.63  (m,  2H),  2.71  (t,  2H),  4.55  (s,  2H),  4.61  (s,  2H),  7.23  (m,  2H),  7.32  (d,  1H). 
13C  NMR  (CDC13)  6 14.1,  22.7,  29.3,29.5,29.6,29.7,31.1,31.9,32.3,43.7,45.9, 

126.4,  129.8,  130.6,  135.3,  138.0,  142.3.  Anal.  Calcd.  for  C^H^C^:  C,  73.04;  H,  10.37; 
Cl,  16.58.  Found:  C,  73.03;  H,  10.33;  Cl,  16.60.  MS  (Cl)  exact  mass  calcd.  (m+1) 
427.2898,  found  427.2855. 

2.2.4. 4 l-4-Bis(bromomethvB-2-octadecvlbenzene 

1.4- Bis(methoxymethoxy  methyl)-2-octadecylbenzene  (0.90  g,  1.9  mmol)  was 
placed  in  a stirred,  room  temperature  solution  of  30%  hydrobromic  acid  in  acetic  acid  (5 
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mL).  Upon  completion  of  the  reaction,  as  determined  by  TLC,  water  was  added  to  the 
reaction  flask.  The  product  was  extracted  into  methylene  chloride,  washed  with  10  % 
solution  of  sodium  carbonate  and  water,  and  dried  over  magnesium  sulfate.  Further 
purification  was  carried  out  using  column  chromatography  (silica/  60%  methylene  chloride 
in  hexanes).  A white  solid  was  produced  in  87%  yield  (0.84  g,  1 .6  mmol),  mp  84.0-84.5. 
*H  NMR  (CDC13)  6 0.88  (t,  3H),  1.26  (s,  30H),  1.65  (m,  2H),  2.72  (t,  2H),  4.45  (s, 

2H),  4.51  (s,  2H),  7.19  (d,  1H),  7.28  (m,  2H).  13C  NMR  (CDC13)6  14.1,  22.7,  29.4, 
29.5,  29.56,  29.7,  30.8,  31.0,  31.9,  32.3,  33.1,  126.9,  130.3,  131.0,  135.6,  138.3,  142.4. 
Anal.  Calcd.  for  C^B^:  C,  60.47;  H,  8.59;  Br,  30.94.  Found:  C,  60.20;  H,  8.55;  Br, 
30.78.  MS(CI)  exact  mass  calcd.  (m+1)  515.1888,  found  515.1806  . 

2. 2. 4. 5 2-(2.5-Bis(tetrahvdrothiopheniumvlmethvl)octadecvlbenzene  dichloride 
(MONC181. 

l,4-Bis(bromomethyl)-2-octadecylbenzene  (5.00  mg,  0.00971  mmol)  was  placed 
in  a 25  mL  round  bottom  flask  with  dry  methanol  (1  mL)  and  tetrahydrothiophene  (0.25 
mL).  The  mixture  was  heated  to  50  ° C for  24  h.  TLC  was  used  to  determine  reaction 
completion.  The  solvent  was  removed  under  reduced  pressure  and  the  flask  was  placed 
under  vacuum  for  2 h.  The  monomer  was  a clear  oil.  Due  to  the  instability  and  difficulty 
in  precipitating  this  compound,  it  was  prepared  from  very  pure  starting  material  and  used 
without  further  purification.  ‘H  NMR  (CDC13)  6 0.88  (t),  1.26  (s) , 1.62  (m),  2.72  (m), 
3.56  (m),  4.51  (m),  7.28  (m). 

2.2.5  Sulfonium  Salt  Polymerizations 


The  sulfonium  salt  monomers  were  polymerized  in  solution  via  well  established 
methods.1  The  monomers  (=100  mg)  were  dissolved  in  absolute  ethanol  (2  mL).  Argon 
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was  bubbled  through  the  solution  for  30  min  prior  to  reaction.  The  solution  was  then 
cooled  to  0°  C on  an  ice  salt  bath.  A solution  of  sodium  hydroxide  that  had  been  flushed 
with  argon  and  cooled  was  added.  The  ratio  of  [monomer]:  [OH']  was  1 or  2.  The 
solution  was  allowed  to  stir  for  40  min  at  0°  C.  After  that  time,  the  reaction  was  quenched 
with  dilute  HC1  and  the  polymer  was  extracted  with  chloroform.  The  solution  was  dried 
with  magnesium  sulfate  and  the  solvent  was  removed  under  reduced  pressure.  The 
precursor  polymers  were  heated  to  100  °C  under  vacuum  for  45  min  to  produce  the  PPV 
derivatives. 

2.3  Langmuir  and  Langmuir-Blodgett  Film  Preparation 
2.3.1  Langmuir  Film  Preparation 

The  Langmuir  film  and  polymerization  studies  were  done  on  KSV  5000 
equipment.  The  surface  area  and  pressure  were  recorded  on  an  IBM  compatible  computer 
that  ran  the  KSV  LB  5000  software.  The  data  was  analyzed  using  the  Microcal  Origin 
software  package.  The  surface  areas  were  calculated  by  the  software  after  experimental 
parameters  such  as  molecular  weight,  solution  concentration  and  volume,  barrier  speed, 
and  total  interfacial  area  were  entered.  The  surface  balance  was  routinely  calibrated  using 
a subroutine  within  the  LB  5000  software.  The  troughs  used  were  rectangular  and  Teflon 
lined.  The  barriers  used  were  made  from  either  Teflon  or  Nylon. 

A Neslab  RTE  250  circulating  bath,  which  was  connected  to  a water-jacket  below 
the  trough  surface,  was  used  to  maintain  subphase  temperature  to  ±0. 1 ° C.  The  subphase 
temperature  was  determined  by  placing  a digital  thermometer  just  below  the  interface 
surface.  The  surfactants  were  added  after  the  desired  temperatures  were  reached. 
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A Millipore  system(  ^ 18  MQ  resistance)  was  used  to  purify  the  all  water  used  for 
trough  cleaning  and  sub-phase  solution  preparation.  This  system  incorporates  an  activated 
carbon  cartridge,  two  ion-exchange  cartridges,  and  one  Organex-Q  cartridge.  Before 
filling  the  trough  with  a subphase,  the  trough  was  cleaned  by  first  wiping  the  trough  and 
barriers  with  a chloroform  soaked  Kimwipe  and  then  the  trough  was  rinsed  first  with  a 
dilute  solution  of  ethanol  and  then  twice  with  Millipore  water. 

The  surfactant  solutions  were  prepared  using  Fisher  spectrograde  chloroform  in 
volumetric  glassware.  A Mettler  AE240  balance  was  used  to  weigh  the  materials.  The 
solution  concentrations  ranged  between  0.500  to  1 .00  mg  mL'1.  The  solutions  were 
deposited  at  the  air-aqueous  interface  by  careful  dropwise  addition  with  a microsyringe 
and  then  the  chloroform  was  allowed  to  evaporate. 

2 3,2  Langmuir-Blodgett  Film  Preparation 

The  Langmuir-Blodgett  (LB)  films  were  prepared  by  first  adding  subphase  to  the 
trough  and  entering  the  experimental  parameters  and  substrate  dimensions  into  the  KSV 
software.  The  substrate  (cleaned  quartz,  glass,  silicon,  or  germanium)  which  was  clamped 
to  a dipping  arm,  was  lowered  to  the  subphase  surface.  This  position  was  set  to  zero 
using  the  KSV  software.  The  substrate  was  then  manually  lowered  to  an  exact  depth  (20- 
40  mm)  in  the  subphase.  Once  the  film  had  been  compressed  to  a preset  surface  pressure, 
the  film  was  allowed  to  stabilize  (2-20  min)  and  then  the  dipping  subroutine  of  the  KSV 
software  was  started.  The  dipping  speed  was  set  at  5 mm  min"1  and  a delay  time  was  set 
on  the  upstroke  at  5 min  unless  otherwise  stated.  The  transfer  ratio,  average  transfer 
ratio,  and  total  transfer  as  a function  of  layer  number  were  monitored. 


60 


2 4 Monolayer  Characterization 

2.4.1  Surface  Pressure  vs.  Mean  Molecular  Area  Isotherms 

Surface  pressure  (tt)  was  measured  using  a Wilhelmy  plate  balance  equipped  with 
a platinum  plate.  The  platinum  plates  were  cleaned  by  heating  in  a flame  and  were  stored 
between  experiments  in  ethanol.  During  the  film  experiments,  the  plate  was  placed  near 
the  center  of  the  trough  and  was  immersed  half-way  into  the  sub-phase.  Surface  pressure 
versus  mean  molecular  area  isotherms  (A)  were  measured  while  compressing  a film  at  a 
constant  speed  of  ca.  1-4  A2  molecule"1  min'1.  The  experiments  were  repeated  a minimum 
of  three  times  to  insure  reproducibility  (±  1 A2  molecule"1). 

The  pressure  onset  area  of  the  monolayer  films  was  determined  by  the 
extrapolation  of  the  linear  portion  of  the  n-A  isotherm  to  zero  tc  . If  there  was  no  linear 
portion  in  the  n-A  isotherm,  the  pressure  onset  area  was  assigned  to  the  area  where  the 
surface  pressure  dramatically  increased.  The  film  collapse  occurred  when  film’s  surface 
pressure  was  no  longer  stable  upon  compression 

The  AG^  calculations  were  carried  out  by  first  collecting  isotherm  data  on  a 
series  of  pure  and  mixed  materials,  integrating  the  areas  under  the  isotherm  curves 
between  0.0  and  5.0,  10.0,  and  20.0  mN  m"1,  and  applying  equation  1.5  of  this 
dissertation.  The  areas  were  determined  using  Origin  software  by  Microcal. 

2.4.2  Isobaric  Stability 

Isobaric  stability  was  measured  by  compressing  the  film  at  a rate  of  ca.  4-6  A2 
molecule"1  min"1  until  a preset  surface  pressure  was  reached.  The  film  was  maintained  at 
this  surface  pressure  while  the  surface  area  was  monitored  over  time. 
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2 5 Monolayer  Polymerization 

The  monolayer  films  that  were  polymerized  were  prepared  using  the  procedures 
described  in  Section  2.3.  The  sulfonium  salt  monomers  were  polymerized  at  constant 
applied  surface  pressures  and  subphase  temperatures  on  a degassed  0.03  M sodium 
hydroxide  subphase  unless  otherwise  noted.  The  subphase  was  degassed  repeated  cycles 
of  bubbling  of  nitrogen  gas  through  the  subphase  and  then  putting  solution  under  vacuum. 
The  earlier  studies  (Chapter  3)  were  done  at  temperatures  between  1 1 and  13  °C; 
however,  the  studies  described  in  Chapter  5 were  carried  out  at  temperatures  between  2 
and  4 °C.  The  argon  atmosphere  was  maintained  using  a specially  built  cover  that  fit 
directly  on  top  of  the  trough  (Figure  2.6).  The  back  of  the  cover  was  such  that  the 
barriers  could  slide  through  a sheet  of  soft  plastic.  Argon  was  constantly  flushed  over  the 
trough  from  the  front  of  the  trough  to  the  back. 

The  films  were  compressed  at  rates  between  10-20  A2  molecule'1  min1  until  a 
preset  surface  pressure  was  reached.  The  polymerization  was  monitored  by  the  change  in 
the  mean  molecular  area  of  the  monomers  at  a constant  applied  surface  pressure.  The 
polymerized  Langmuir  films  were  removed  from  the  air-aqueous  interface  by  compressing 
the  film  to  ca.  5 cm  and  using  a vacuum  and  flask  to  collect  the  material  at  the  interface. 
The  polymers  were  extracted  into  ca.  5 mL  of  chloroform,  dried  with  anhydrous 
magnesium  sulfate,  filtered,  and  the  solvent  removed  by  evaporation. 
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2,6  Additional. Characterizations  Methods 

2.6.1  UV-vis  and  Fluorescence 

The  polymer  samples  were  collected  from  the  surface  of  the  trough  by  the 
technique  outlined  in  Section  2.5.  UV-vis  data  was  collected  on  a Varian  Cary  50  Probe 
UV-vis  spectrophotometer  and  data  analysis  was  carried  out  on  Origin  software  by 
Microcal . The  solvent  used  for  the  UV-vis  measurements  was  Fisher  spectrograde 
chloroform.  Quartz  slides  were  used  for  the  film  measurements. 

Fluorescence  data  was  collected  on  a SPEX  F-l  12  photon  counting 
spectrofluorimeter.  The  solvent  used  was  Fisher  spectrograde  chloroform.  The  data  was 
normalized  using  Origin  software  by  Microcal. 


Figure  2.6.  Schematic  of  covered  trough  system,  a)  front  view  b)  side  view 
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2.6.2  Molecular  Weight  Determination 

Size  exclusion  chromatography  (SEC)  molecular  weight  analysis  was  performed  at 
room  temperature  using  a Waters  Associates  liquid  chromatography  apparatus  equipped 
with  Phenomenex  columns  and  a Kratos  Analytical  spectroflow  757  absorbance  detector 
set  at  254  nm  and  a Perkin-Elmer  LC-25  refractive  index  detector.  The  mobile  phase  was 
THF  or  chloroform  and  the  instrument  was  calibrated  with  polystyrene  standards.  The 
mobile  phase  was  passed  through  the  columns  at  a rate  of  1 mL  min'1. 

2.6.3  FTIR  and  ATR-TR 

The  infrared  measurements  were  performed  on  a Bio-Rad  FTS-40A  Fourier 
transform  infrared  spectrometer  with  a diffuse  reflectance  spectrometer  accessory.  The 
advantage  of  using  the  diffuse  reflectance  method  is  that  the  small  samples  generated  from 
Langmuir  film  polymerizations  can  be  detected  by  this  technique.  The  sample  mixture 
(sample  and  KBr)  was  placed  in  the  top  half  of  the  sample  cup  that  was  already  filled  with 
KBr  powder. 

Attenuated  total  reflectance  (ATR)  measurements  were  performed  on  a Mattson 
Research  Series  FTIR,  which  used  a narrow-band  mercury  cadmium  telluride  detector. 

The  spectra  were  generated  from  1000  scans  at  4 cm"1  resolution.  A clean  germanium 
crystal  was  used  for  background  subtraction  and  the  substrate  in  these  experiments.  The 
crystal  was  purchased  from  Wilmad  Glass  and  was  a parallelogram  (50  mm  x 10  mm  x 3 
mm)  with  a 45°  angle  of  incidence  with  respect  to  the  parallel  faces. 

2 6 4 Differential  Scanning  Calorimetry 

The  differential  scanning  calorimetry  (DSC)  measurements  were  made  on  a Perkin- 
Elmer  DSC  series  7 instrument.  This  instrument  operates  in  the  power  compensated 
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mode,  which  means  that  sample  and  reference  temperatures  are  held  equal  by  adjusting  the 
power  to  the  heater.  Thus,  the  signal  is  a reflection  of  the  electrical  energy  fluctuations 
needed  to  maintain  the  temperatures.  The  software  that  runs  the  DSC  monitors  mWatts 
versus  time.  Unless  stated  otherwise,  the  samples  were  scanned  between  40  and  250°  C at 
a rate  of  10°C  per  minute.  Ice  and  water  was  used  to  cool  the  instrument.  The  instrument 
was  calibrated  with  indium.  The  baseline  was  generated  using  an  empty  aluminum  pan 
and  was  subtracted  from  subsequent  runs.  Samples  (0.35-8  mg)  were  prepared  in 
aluminum  pans.  The  DSC  was  interfaced  with  a TAC7/DX  thermal  analysis  controller. 

2.6.5  Thermogravametric  Analysis 

Thermogravametric  analysis  (TGA)  was  carried  out  on  a Perkin-Elmer  TGA7 
instrument.  The  samples  (3-8  mg)  were  prepared  in  sample  pans  and  weight  loss  was 
monitored  between  40  and  1000°  C.  The  temperature  increase  rate  was  20°  C per  minute. 
The  TGA  was  interfaced  with  a TAC7/DX  thermal  analysis  controller. 

2. 6. 6 X-rav  Photoelectron  Spectroscopy 

X-ray  photoelectron  spectra  were  collected  by  Christy  Nixon  Lee  using  a Perkin  - 
Elmer  PHI  5000  Series  spectrometer  using  the  Mg  Ka  line  source  at  1253.6  eV.  The 
operating  pressure  was  5x  10'9  atm.  The  resolution  was  typically  2.0  eV,  with  an  anode 
voltage  and  power  settings  at  15  kV  and  300  W,  respectively.  The  survey  scans  were 
done  at  a 45°  takeoff  angle  with  a pass  energy  of  89.45  eV  and  the  multiplex  scans  (70 
scans  at  each  peak,  10  sweeps  per  cycle)  were  collected  over  a 20-40  eV  range  with  a 
pass  energy  of  35.75  eV.  Data  analysis  was  carried  out  as  described  in  section  1 .2.5  2.3 


of  this  dissertation. 
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2.6  7 X-rav 

The  X-ray  diffraction  experiments  were  performed  by  G.  Weerasekera.  Powder 
and  film  X-ray  diffraction  experiments  were  carried  out  using  a Siemens  platform 
instrument.  The  powder  samples  were  ground  and  placed  in  sealed  1 mm  i d.  capillary 
tubes.  The  LB-film  samples  on  silicon  were  dried  prior  to  data  collection  in  a vacuum 
desiccator,  cut  into  2 cm  x 2 cm  pieces,  and  mounted  to  the  sample  holder  with  double 
sided  tape.  Gobel  mirrors  were  used  to  achieve  monochromatic  Cu  Ka  radiation  (A=1.54 
A),  which  was  collimated  using  pinhole  collimators  with  diameters  of  0.2  mm  (back)  and 
0.05  mm  (front).  The  distance  between  the  samples  and  the  512  x 512  multi-wire,  gas- 
filled  area  detector  was  60  mm.  All  data  collection  was  done  at  40  mA  and  50  kV  for  8 h. 

The  LB  film  samples  were  aligned  using  the  following  procedure.  The  beam 
blocker  was  removed  and  the  X-ray  generator  was  set  to  5 mA  and  20  kV.  The  first 
direct  beam  was  collected  for  3 seconds  and  the  beam  intensity,  I0,  was  measured.  The 
sample  was  aligned  by  bringing  it  to  the  block  half  of  the  beam  intensity.  When  ca.  \J2 
was  achieved,  the  sample  was  rotated  1 80°  in  the  cj)  direction.  The  data  was  collected  in 
single  scan  mode  with  co=  0°  to  5°  over  8 h.  After  data  collection  was  complete,  the  two- 
dimensional  image  was  unwarped  and  integrated  in  the  x direction  to  produce  a plot  of  20 
versus  intensity.  The  d-spacing  of  the  multilayers  was  calculated  from  the  peak  positions 
using  the  Bragg  equation. 

Single  crystal  X-ray  analysis  was  performed  by  Dr.  K.  A.  Abboud  at  the  University 
of  Florida.  The  data  was  collected  at  173  K on  a Siemens  Smart  Platform  instrument 
equipped  with  a CCD  area  detector  and  a graphite  monochromator  using  Mo  Ka 
radiation  (A=0.71073  A).  The  cell  parameters  were  refined  using  3793  reflections.  A 
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hemisphere  of  data  (1381  frames)  was  collected  using  the  w-scan  method  (0.3  ° frame 
width).  The  first  50  frames  were  remeasured  at  the  end  of  data  collection  to  monitor 
instrument  and  crystal  stability  (maximum  connection  on  I was  < 1%).  Absorption 
corrections  were  not  applied. 

The  structure  was  solved  by  the  Direct  Methods  in  SHELXTL5  and  refined  using 
full-matrix  least  squares.  The  non-H  atoms  were  treated  anisotropically,  whereas  the 
hydrogen  atoms  were  calculated  in  ideal  positions  and  were  riding  on  their  respective 
carbon  atoms.  The  lattice  contains  one  toluene  molecule  per  asymmetric  unit.  The 
toluene  molecule  was  found  to  be  disordered  over  two  positions  and  was  refined  in  two 
parts.  Their  site  occupation  factors  were  dependently  refined  to  0.69(3)  for  the  major 
part,  and  consequently  0.3 1(3)  for  the  minor  part.  The  major  and  minor  parts  of  the 
toluene  molecule  were  constrained  to  be  respectively  equivalent.  Space  groups  Cc  and 
C2/c  were  used  in  the  structure  solution  and  C2/c  did  not  provide  a solution.  A total  of 
428  parameters  were  refined  in  the  final  cycle  of  refinement  using  2923  reflections  with 
I>2o(I)  to  yield  and  wR2  of  5.40%  and  10.61  %,  respectively.  Refinement  was  done 
using  F2. 


CHAPTER  3 

LANGMUIR  FILM  POLYMERIZATION  TO  FORM  A SOLUBLE 
POLY(PHENYLENEVINYLENE)  PRECURSOR  POLYMER 


3.1  Introduction 

The  synthesis  of  polyphenylenevinylene  (PPV)  via  the  water  soluble  polyelectrolyte 
precursor  route  (Figure  3.1)  was  first  introduced  in  1968  by  Wessling.1  Since  this  time, 
there  has  been  considerable  interest  in  manipulating  the  properties  of  the  polymer  formed. 
This  interest  has  led  to  the  polymer's  recent  application  in  LED  technology.23 


NaOH 


ABC 
Figure  3.1.  The  precursor  route  to  PPV. 


One  method  used  to  manipulate  the  polymers  properties  is  to  prepare  Langmuir- 
Blodgett  (LB)  films  of  precursor  polymer  (B). 85-88  These  LB  films  are  then  to  converted 
to  fully  conjugated  PPV  (C)  by  thermal  elimination  of  the  sulfonium  moiety.  When  PPV 
was  generated  by  this  technique,  it  was  found  that  its  mean  conjugation  length  was 
extended,  indicating  a more  defect  free  polymer  as  compared  with  traditionally  cast  thin 
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films.  The  extended  conjugation  has  been  attributed  to  the  ability  of  the  precursor  polymer 
to  orient  itself  more  effectively  in  a Langmuir  environment.  Recently,  a polymeric  LED 
was  prepared  using  LB  multilayer  films  of  PPV.88  The  work  reported  herein  expands 
upon  that  work  by  forming  the  precursor  polymer  in  a Langmuir  environment  prior  to 
deposition.  In  situ  polymerization  may  further  improve  the  quality  of  films  produced  by 
eliminating  overlapped  polymer  chains,  reducing  chain  coiling,  and  allowing  better 
orientation  of  pendent  side  groups.  This  method  has  also  proven  to  be  an  effective  way  to 
produce  polymer  with  base  sensitive  pendent  groups.  As  part  of  this  work,  an  amphiphilic 
monomer,  octadecyl  2,5-bis(tetrahyrothiopheniumylmethyl)benzoate  dibromide  (OTBB), 
was  synthesized  (section  2.2)  to  determine  the  feasibility  and  conditions  required  effect 
polymerization  in  a Langmuir  film. 


OTBB 


OCi8H37 


3.2  Monolayer  Characterization 


In  order  for  a molecule  to  be  surface  active,  it  must  have  both  hydrophilic  and 


hydrophobic  characteristics.  By  the  addition  of  a hydrophobic  group  to  A (Figure  3.1), 
these  requirements  for  the  monomer  are  met.  For  synthetic  ease  and  the  possibility  of 
future  cleavage  of  the  hydrophobic  chain,  OTBB  was  synthesized. 


69 


The  first  attempts  to  form  Langmuir  monolayers  at  the  air-purified  water  interface 
at  room  temperature  were  unsuccessful;  however,  when  the  subphase  temperature  was 
cooled  to  1 1°C,  stable  monolayers  formed.  This  discovery  was  fortunate  as  early  work 
reported  by  Wessling  found  that  reaction  temperature  played  an  important  role  in  the 
molecular  weight  of  the  resulting  polymer. 1 At  room  temperature,  elimination  of  the 
sulfonium  moiety  competes  with  polymerization,  leading  to  insoluble,  low  molecular 
weight  material;  however,  at  0°  C,  the  polymerization  rate  far  exceeds  the  elimination  rate 
and  high  molecular  weight  polymer  was  formed.  Therefore,  all  of  the  subsequent  work 
was  done  on  cooled  subphases.  The  it -A  isotherms  of  OTBB  (Figure  3.2)  on  water  had 
an  onset  area  at  58  A2  molecule'1  and  a collapse  pressure  of  18  mN  m'1.  Hysteresis 
studies  (Figure  3.2)  revealed  that  the  film  could  be  compressed  and  expanded  reversibly 
up  to  10  mN/m.  Isobaric  creep  data  (film  area  vs  time)  showed  that  the  film  was  stable 
(less  than  10  % area  loss)  for  more  than  one  hour  at  applied  surface  pressures  up  to 
8 mN  m‘\  At  greater  surface  pressures,  the  film  was  unstable  over  time. 

3.3  Film  Polymerization 

When  PPV  is  formed  in  solution,  a stoichiometric  amount  of  base  is  used  so  that 
the  reaction  does  not  proceed  to  form  the  insoluble,  fully  conjugated  polymer;  however,  in 
Langmuir  polymerizations  a large  excess  of  base  is  needed  due  to  the  small  amount  that  is 
available  at  the  surface.  Therefore,  based  on  the  concentration  of  oxidant  used  in  the 
polymerization  of  aniline  type  monomers  in  Langmuir  monolayers,61  0. 10  M and  0.030  M 
NaOH  subphases  were  studied.  The  n-A  isotherms  of  OTBB  on  both  basic  subphases 
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Figure  3.2.  Isotherm  ( ) and  hysteresis  ( — ) plots  of  OTBB  on  purified  water  at  1 1°C. 
Barrier  speed=1.5A2  molecule1  min'1. 

were  similar  in  shape  to  those  on  water  (Figure  3.3).  However,  the  onset  areas  were 
greater  at  67  A2  molecule'1  and  less  reproducible  (±  5%).  On  expansion  of  the  film,  even 
from  very  low  surface  pressures  (2  mN  m'1),  hysteresis  was  present,  which  can  indicate  a 
phase  transition  or  a chemical  reaction  in  the  monolayer.  Upon  the  second  compression, 
the  onset  area  was  smaller  and  the  hysteresis  was  less,  which  suggests  that  the  initial 
change  that  occurred  in  the  film  had  come  to  equilibrium.  When  the  mechanism  of  this 
reaction  is  considered,  these  results  are  reasonable.  As  discussed  in  Chapter  1,  the  first 
step  of  the  mechanism  is  the  formation  of  an  ylide,  which  spontaneously  undergoes  a 1,6- 
elimination  of  one  dialkylsulfide  to  form  a quinodimethane  reactive  species.  The  loss  of 
one  dialkylsulfide  species  from  the  interface  could  result  in  the  reduction  of  the  surface 
area  required  per  monomer,  thus  giving  rise  to  the  observed  hysteresis.  Gel  permeation 
chromatography  (GPC)  of  the  material  provided  evidence  that  dimers  were  formed,  but 
there  was  no  indication  of  polymeric  material.  Isobaric  creep  data  showed  that  there  was 
less  than  1 5%  area  decrease  of  the  film  at  applied  pressures  up  to  8 mN  m'1  after  1 hour. 


71 


Figure  3.3.  Isotherm  ( ) and  hysteresis  ( — ) plots  of  OTBB  on  0.030  M NaOH  at  1 1°C. 
Barrier  speed=  1.5 A2  molecule'1  min'1. 


Figure  3 .4.  Isobaric  creep  plots  of  OTBB  on  water  ( — ),  0.030  M NaOH  ( ) and  oxygen 
reduced  0.030  M NaOH  (— ) at  1 1°C  and  8 mN  m'1. 
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Previous  reports  have  indicated  that  high  molecular  weight  polymer  only  forms  in 
the  absence  of  oxygen.8  Therefore,  films  were  studied  on  a degassed,  0.030  M NaOH 
subphase  under  an  argon  atmosphere.  The  isotherm  and  hysteresis  plots  were  similar  to 
those  discussed  in  the  previous  paragraph,  but  a striking  difference  was  observed  in  the 
isobaric  creep  measurements.  After  one  hour,  the  percent  surface  area  decrease  was 
between  25  and  30%  at  constant  applied  surface  pressures  between  4 and  8 mN  m"1. 
Figure  3 .4  compares  the  isobaric  creep  plots  of  OTBB  on  water,  0.03  M NaOH  and 
oxygen  reduced  0.30  M NaOH  at  a constant  applied  surface  pressure  of  8 mN  m'1.  In 
the  case  of  the  oxygen  reduced,  basic  environment,  the  film  area  decreased  most  rapidly  in 
the  first  20  min  of  the  reaction  and  after  45  min,  there  was  less  area  change.  The 
relationship  between  monolayer  area  decrease  and  polymer  formation  has  been 
documented  and  is  attributed  to  the  replacement  of  van  der  Waals  radii  with  covalent 
bonds.60  In  this  case,  area  reduction  can  also  be  attributed  to  the  elimination  of 
tetrahydrothiophene  and  to  the  reduction  of  the  ionic  character  of  the  film. 

After  1 hour  under  polymerization  conditions,  the  applied  surface  pressure  was 
removed  and  the  film  was  allowed  to  expand  so  that  further  studies  of  the  monolayer 
could  be  done.  Isotherms  of  the  resulting  films  showed  a 25%  decrease  of  the  onset  area 
(52  A2  molecule'1)  and  little  hysteresis  even  after  compression  to  20  mN  m'1,  which  is 
beyond  the  collapse  of  the  monomer  (Figure  3.5).  Isobaric  creep  plots  provided  further 
evidence  of  film  stability  by  showing  that  after  1 hour,  there  was  less  than  10%  area 
decrease  at  constant  pressures  up  to  18  mN  m"1  (Figure  3.6). 
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Figure  3.5.  Hysteresis  plots  of  OTBB  on  0.030  M NaOH  at  1 1°C  after  1 hour  reaction 
time.  Barrier  speed=  1.5 A2  molecule'1  min'1. 


Figure  3.6.  Isobaric  creep  plots  of  OTBB  at  1 1 °C:  (top  curve)  on  water  at  10  mN  m1 
and  (bottom  curve)  at  18  mN  m'1  after  1 hour  on  0.030  M NaOH. 
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3 .4  Polymer  Characterization 

The  resulting  films,  which  were  soluble  in  THF  and  chloroform,  were  collected  for 
further  evaluation  by  extracting  the  film  from  the  subphase  with  chloroform  as  described  in 
section  2.5.  Due  to  the  small  amount  of  material  obtained  from  each  reaction,  the  films 
were  characterized  by  UV-vis  and  fluorescence,  GPC,  and  FTIR. 

3.4,1  UV-vis  and  Fluorescence  Analysis 

The  UV-vis  spectra  (Figure  3.7)  of  the  monomer  and  polymers  before  and  after 
heat  treatment  (4  h,  250°  C,  under  vacuum)  showed  that  there  was  a red  shift  upon 
polymerization  and  a further  shift  after  heating.  This  result  indicates  that  a partially 
eliminated  precursor  polymer  was  formed  in  the  Langmuir  monolayer  and  a more  highly 
conjugated  PPV  was  formed  upon  heat  treatment.  The  spectrum  of  the  heat  treated 
polymer  lacks  the  A^  between  400  and  500  nm  that  is  typically  reported  for  PPV  and  its 
derivatives.  However,  the  tailing  peak  shown  in  Figure  3.7  has  been  previously  reported 
for  PPV  derivatives  and  was  attributed  to  the  steric  and  electronic  effects  of  the 
substituents.16  The  polymer  formed  in  the  monolayer  was  fluorescent  with  a A^  at  434 
nm  in  the  emission  spectrum  (Figure  3.8).  Heating  the  sample  did  not  significantly  alter 
the  fluorescence  spectrum;  however,  the  A^  of  the  excitation  spectra  shifted  from  382  to 
400  nm  on  heat  treatment. 

3 .4.2  FTIR  Analysis 

FTIR  analysis  (Figure  3.9)  of  the  polymers  produced  in  this  study  indicated  that 
the  ester  had  not  hydrolyzed  to  the  carboxylate  anion,  which  was  evident  by  presence  of 
the  large  C-H  stretch  between  2960  and  2880  cm'1  and  the  C-H  bends  at  1463  and  1382 
cm"1,  and  the  absence  of  the  broad  -O-H  stretch  between  3300  and  2500  cm'1.  This  effect 
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Wavelength  (nm) 


Figure  3.7.  Absorption  spectra  of  OTBB:  monomer  ( — ),  after  polymerization  ( — ),  and 
after  heat  treatment  ( '). 


Figure  3.8.  Fluorescence  spectra  of  OTBB  after  polymerization  and  heat  treatment. 
Excitation  spectra  before  ( — ) and  after  ( — ) heat  treatment  and  emission  spectra  before 
( •)  and  after  heat  treatment  (--).  Aem=420  nm,  Aex=380  nm,  in  chloroform. 
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was  observed  in  earlier  Langmuir  studies  done  with  ethyl  palmitate  which  showed  that 
there  was  no  apparent  ester  hydrolysis  when  the  films  were  compressed  and  the  ester 
functional  groups  were  orientated  out  of  the  basic  subphase.74  Further  analysis  of  the 
spectra  reveals  a C=0  stretch  at  1730  cm'1  and  C-0  stretches  at  1280  and  1 124  cm'1, 
which  arise  from  the  ester  functional  group.  The  strong  peak  at  957  cm'1  is  normally 
assigned  to  the  trans  double  bonds  of  PPV.17  Upon  heating  the  precursor  polymer,  the 
peak  at  957  cm'1  increased  in  intensity. 

3.4.3  GPC  Analysis 

GPC  analysis  showed  a major  peak  that  corresponded  to  a M^  of  ca.  13  000  and  a 
polydispersity  of  2.3.  The  most  probable  reason  for  the  relatively  low  M^,  was  the 
inability  to  rigorously  exclude  oxygen  from  the  reaction  environment.  The  GPC  results 
were  obtained  using  a PG  gel  linear  mixed  bead  column  with  a chloroform  mobile  phase. 
The  instrument  was  calibrated  with  polystyrene  standards. 

3,5  Conclusions 

Langmuir  films  of  the  monomer  were  studied  on  both  water  and  basic  subphases 
and  then  polymerized  under  an  argon  atmosphere  with  a 0.030  M NaOH  subphase.  The 
polymerized  films  showed  less  hysteresis  and  greater  stability  over  time  as  compared  to 
the  monomeric  Langmuir  films.  The  films  were  collected  and  analyzed  by  UV-vis  and 
fluorescence  spectroscopy,  gel  permeation  chromatography  (GPC),  and  FTIR.  UV-vis 
data  revealed  a red  shift  upon  polymerization,  and  the  fluorescence  spectrum  of  the 
polymer  had  a at  430  nm.  GPC  results  indicated  that  the  Mw  of  the  polymer  was 
approximately  13  000.  FTIR  data  revealed  that  the  ester  functionality  had  not 
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Figure  3.9.  FTIR  spectra  of  OTBB  (a)  before  and  (b)  after  heat  treatment 
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hydrolyzed,  which  suggests  that  this  is  a suitable  method  for  polymerizing  monomers  with 
base  sensitive  pendant  side  groups.  These  results  indicate  that  OTBB  has  been 
successfully  polymerized  to  form  a partially  eliminated  sulfonium  salt  precursor  polymer  of 
PPV  in  a Langmuir  environment.  It  is  one  of  the  few  examples  of  a chemical  (as  opposed 
to  photochemical)  polymerization  in  a monolayer. 


CHAPTER  4 

LOPHINE  DERIVATIVES  IN  LANGMUIR 
AND  LANGMUIR-BLODGETT  FILMS 

4.1  Introduction 

Ordered  films  containing  imidazole  are  of  interest  due  to  their  thermal  stability, 
interesting  electro-optical  properties,  and  complexation  behavior  with  certain  metals.  In 
particular,  lophine  compounds  are  of  particular  interest  because  they  have  shown 
significant  nonlinear  optical  behavior  when  functionalized  in  certain  configurations.100  The 
potential  application  of  these  compounds  in  electroluminescent  devices  or  as  transition 
metal  ion  sensors  has  been  the  motivation  for  their  fundamental  study  in  Langmuir  and 
Langmuir-Blodgett  (LB)  films. 

The  use  of  organic  LB  films  has  applications  in  biology,  sensors,  electronics,  and 
optics.  However,  reports  on  the  production  of  LB  films  from  organometallic  and 
coordination  compounds  are  uncommon  even  though  interesting  properties  such  as 
electrical  conductivity 78  and  non-linear  optical  effects 79  have  been  observed.  Further,  the 
diversity  of  metals  and  their  oxidation  states  may  allow  for  better  control  over  film 
properties  by  modifying  the  ligand  environment  around  the  metal.58,59,81 

In  this  work,  two  lophine  derivatives  were  synthesized  and  their  metal- 
complexation  behavior  was  studied  in  organic  solutions,  and  a series  of  surface  active 
derivatives  were  synthesized  and  studied  at  the  air-aqueous  interface.  The  fundamental 


79 


80 

interactions  between  several  lophine  derivatives  and  metal  ions  in  Langmuir  and 
Langmuir-Blodgett  films  were  explored,  and  the  effects  of  these  interactions  on  LB  film 
formation  are  reported. 

4.2  Materials 

The  synthetic  route  used  prepare  the  molecules  for  this  study  is  a modification  of 
one  previously  reported  in  the  literature100  and  is  shown  in  Figure  2.2.  For  convenience, 
Table  4.1  shows  the  molecular  configurations  of  the  derivatives  used  in  this  study. 


Table  4.1.  Chemical  structure  of  lophine  derivatives. 
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4.3  Results  and  Discussion 

4.3.1  Model  Compound  Studies 

Lophine  type  compounds  consist  of  an  imidazole  that  is  substituted  at  the  2,  4, 
and  5 positions  with  bulky  aromatic  rings  that  could  have  prevented  complexation. 
Therefore,  the  model  compounds,  IM  and  DI,  were  prepared  to  determine  if  complexation 
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reactions  with  these  types  of  molecules  were  possible.  The  chloride  salts  of  Cu(II),  Co(II), 
Ni(II),  and  Zn(II)  were  studied. 

4.3  1,1  Solution  UV-vis  analysis 

When  the  solid  chloride  salts  of  Cu(II)  and  Co(II)  were  added  to  chloroform 
solutions  of  IM  and  DI,  a color  change  was  immediate.  The  Cu(II)  solutions  were  dark 
green-brown  while  the  Co(II)  solutions  were  blue  and  much  less  intensely  colored. 
Zinc(II)chloride  dissolved  in  the  solution  of  EM  and  DI,  but  a white  solid  precipitated 
immediately.  After  24  h,  there  was  no  apparent  dissolution  of  the  nickel(II)chloride  and 
no  color  change  in  the  solution.  These  results  lead  to  discontinuing  the  studies  with 
zinc(II)chloride  and  nickel(II)chloride. 

UV-vis  analysis  of  the  solutions  of  DI-Cu(II),  DI-Co(II),  and  EM-Cu(II)  indicated 
that  absorbance  increased  with  increasing  concentration  of  DI  and  IM  (R~  0.998).  The 
molar  absorptivities  were  calculated  and  are  listed  in  Table  4.2.  The  detection  limits  for 
the  Cu(II)  complexes  were  ca.  1 O'4  M and  for  the  DI-Co(II)  complex  were  ca.  10"3  M 
(Figure  4. 1).  IM-Co(II)  was  grey-blue,  but  the  molar  absorptivity  of  this  complex  was 
very  low  and  could  not  be  detected  by  UV-vis  analysis  except  at  very  high  concentrations. 
The  relatively  high  concentration  of  the  complexes  required  for  detection  by  UV-vis 
makes  these  materials  less  suitable  as  metal  ion  sensors. 

4.3, 1.2  Solid  preparation. 

The  copper  (II)  and  cobalt(II)  chloride  complexes  of  IM  and  DI  were  prepared  by 
dissolving  the  organic  compounds  in  methylene  chloride  and  then  adding  solid  anhydrous 
copper  (Il)chloride  and  cobalt(II)chloride.  The  reaction  vessels  were  then  shaken  briefly, 
allowed  to  stand  for  24  h,  filtered,  and  the  solvent  removed  under  reduced  pressure.  The 
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copper  and  cobalt  complexes  were  dark  green  and  bright  blue,  respectively,  and  once  the 
solvent  had  been  removed,  could  not  be  redissolved.  These  solids  were  analyzed  by 
elemental  analysis,  thermal  methods,  and  IR  spectroscopy. 


Table  4.2.  UV-vis  and  elemental  analysis  results  for  the  DI  and  IM  metal  complexes. 


Complex 

Powder 

Color 

X (nm) 

e 

(L  cm'1mole'1) 

Ratio* 

IM-Co(II) 

Grey-Blue 

642 

- 

20:1 

DI-Co(II) 

Cobalt-Blue 

674 

40 

2.8:1 

EM-Cu(II) 

Brown-Green 

462 

700 

2.3:1 

DI-Cu(II) 

Olive-Green 

466 

300 

1.3:1 

* the  ratio  of  organic  to  metal  compound  as  c 

etermined  by  elemental  analysis. 

Figure  4.1.  Absorption  spectra  of  DI-Cu(II)  ( — ),  IM-Cu(II)  ("),  and  DI-Co(II)  ( — ) in 
10"4  M,  10'4  M,  and  10'3  M chloroform  solutions,  respectively. 
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4. 3. 1.3  Elemental  analysis 

Elemental  analysis  data  (comparison  of  the  percent  of  nitrogen  of  the  lophines  to 
that  of  the  chlorides  of  the  metal  salts)  was  used  to  determine  the  ratios  of  Cu(II)  and 
Co(II)  to  IM  and  DI  (Table  4.2).  The  DI  compound  had  a much  greater  uptake  of  both 
metal  salts  compared  to  EM  and  Cu(II)chloride  formed  complexes  to  a greater  extent  than 
Co(II)chloride. 

4.3.1 .4  TGA  and  DSC 

TGA  and  DSC  were  performed  on  IM  and  DI  and  their  Cu(II)  and  Co(II) 
complexes  (Figures  4.2  and  4.3).  The  results  show  that  the  free  ligands  have  high  melting 
points  between  200  and  210°  C and  are  thermally  stable  materials.  With  the  exception  of 
DI-Cu(II),  the  melting  points  of  the  complexes  were  considerably  lower  at  ca.  80  ° C.  DI- 
Cu(II)  was  unique  in  that  the  DSC  pans  repeatedly  opened  during  analysis  making 
interpretation  of  this  data  difficult.  Both  cobalt  complexes  had  melting  peaks  between  80 
and  95°  C and  a second  endothermic  peak  between  175  and  200  °C,  which  may  be  due  to 
melting  from  uncomplexed  ligand.  The  DSC  thermogram  of  a physical  mixture  of  IM  and 
Cu(II)chloride  is  shown  in  Figure  4.2b  to  illustrate  the  thermal  differences  between  a 
physical  mixture  and  a complex. 

TGA  of  the  pure  ligands  showed  only  a few  percent  weight  loss  at  temperatures 
below  300  ° C,  and  that  catastrophic  weight  loss  began  at  ca.  350°  C.  Except  in  the  case 
of  EM-Co(II),  the  TGA  curves  of  the  complexes  revealed  the  onset  of  significant  weight 
loss  at  ca.  200.  At  temperatures  between  380  and  400°  C,  the  weight  loss  reached  a 
plateau  and  decreased  more  gradually.  The  percent  of  the  original  mass  remaining  at  this 
point  was  ca.  44,  24,  67  and  47%  for  IM-Cu(II),  IM-Co(II),  DI-Cu(II),  and  DI-Co(II), 


Percent  Of  Original  Mass 
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Figure  4.2.  a)TGA  curves  of  IM  ( — ),  IM-Co(II)  ( — ),  and  EM-Cu(II)  ( ) and  b)  DSC 
curves  of  IM,  IM-Cu(II),  IM-Co(II),  and  IM  and  Cu(II)chloride  (physical  mixture). 


Figure  4.3.  a)TGA  curves  of  DI  ( — ),  DI-Co(II)  ( — ),  and  DI-Cu(II)  ( ')  and  b)  DSC 
curves  of  DI,  DI-Cu(II),  and  DI-Co(II). 
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respectively.  At  temperatures  near  1000  °C,  the  percent  remaining  material  in  the  IM- 
Cu(II),  IM-Co(II),  and  DI-Co(II)  samples  is  very  close  to  the  percent  of  metals  calculated 
using  elemental  analysis.  In  the  case  of  DI-Cu(II),  the  amount  of  metal  is  about  twice  that 
calculated  from  elemental  analysis;  however,  in  this  instance,  the  slope  of  the  TGA  curve 
had  not  leveled  off  at  1000  ° C as  it  had  for  the  other  three  samples.  This  data  is 
summarized  in  Table  4.3. 

Table  4.3.  Comparison  of  elemental  analysis  and  TGA  data  to  determine  the  percent 
copper  and  cobalt  in  the  lophine  derivative  complexes. 


Complex 

% Me* 
(CHN) 

% Me 
(TGA) 
1000°C 

EM-Co(II) 

0.77 

0.53 

DI-Co(II) 

5.0 

4.0 

IM-Cu(II) 

5.6 

6.5 

DI-Cu(II) 

9.8 

22** 

Me  * = Cobalt  or  Copper,  **  curve  had  not  leveled  off. 

4,3. 1.5  Powder  X-ray  diffraction 

Figure  4.4  shows  the  powder  X-ray  diffraction  data  of  DI,  IM,  Cu(II)chloride  and 
their  complexes  and  physical  mixtures.  Though  complete  analysis  of  the  data  is  beyond 
the  scope  of  this  dissertation,  it  is  apparent  that  there  are  significant  differences  between 
the  physical  mixture  and  the  complex  of  DI  and  Cu(II)chloride.  The  diffractogram  of  the 
simple  mixture  contains  peaks  that  are  common  to  the  data  generated  from  the  pure  DI 
and  the  Cu(II)chloride,  while  the  spectrum  of  the  complex  has  broadened  peaks  that  are 
quite  different  from  those  of  either  pure  component  (Figure  4.4a).  However,  the  peak  at 
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Figure  4.4.  Powder  diffractograms  of  IM,  DI,  copper(II)chloride  and  their  complexes  and 
physical  mixtures. 
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ca.  16.5°  in  the  diffractogram  of  DI-Cu(II)  does  correlate  well  with  a peak  present  in  the 
Cu(II)chloride  data,  which  may  indicate  that  there  is  some  uncomplexed  material  in  this 
sample.  This  peak  is  not  apparent  in  the  diffractogram  of  the  IM-Cu(II)  (Figure  4.4b). 

The  peaks  generated  from  the  LM-Cu(II)  complex  are  also  significantly  broad  and  have  no 
features  in  common  with  IM  or  Cu  (Il)chloride. 

4 3 1.6  FTIR  analysis 

The  IR  spectra  of  the  of  the  complexes  in  the  1400-700  cm'1  range  are  distinct 
from  the  spectra  of  the  free  ligands  in  that  in  all  cases,  the  intensities  of  the  v(C-N) 
stretching  vibration  bands  at  1106  and  970  cm'1  decrease  relative  to  those  of  the  free 
ligand  (Figure  4.5).  The  intensities  of  these  bands  of  the  Cu(II)Cl2  complexes  are  so  weak 
that  they  are  barely  resolved  from  the  baseline.  In  the  case  of  the  DI-Co(II)  complex,  the 
band  intensity  was  reduced  significantly,  but  the  intensity  was  only  slightly  reduced  in  the 
IM-Co(II)  complex.  The  bands  in  the  region  between  1450  and  1700  cm'1,  which  are 
attributed  tov(ON)  and  v(C=C),  show  no  significant  differences  between  the  free  ligands 
and  the  complexes. 

4,3, 1,7  Model  study  conclusions 

Results  from  the  UV-vis,  FTIR,  powder  X-ray  diffraction , thermal,  and  elemental 
analysis  experiments  clearly  show  that  these  lophine  derivatives  form  complexes  with  the 
chloride  salts  of  Cu(II)  and  Co(II),  and  that  Cu(II)  uptake  is  more  efficient.  Further,  DI 
forms  complexes  to  a greater  extent  than  IM,  which  may  be  explained  by  the  geometry  of 
the  ligands.  Single  crystal  X-ray  results  of  EM  indicate  that  the  molecule  is  not  flat,  but  is 
actually  shaped  much  like  a circular  fan  (Figure  4.6,  data  tables  are  in  appendix  I).  It  is 
then  reasonable  to  believe  that  the  bulky  methyl  group  of  DI  might  cause  the  phenyl  ring 
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in  the  2-position  of  the  imidazole  to  twist  further  out  of  plane,  leaving  the  imidazole  less 
hindered  and  more  available  for  complexation.  This  theory  is  supported  by  UV-vis  data 
that  show  that  the  spectra  of  EM  and  DI  in  chloroform  have  Amax  at  309  and  297  nm, 
respectively,  suggesting  that  DI  is  more  twisted  than  IM. 


Figure  4.5.  FTIR  spectra  of  (a)  DI  and  (b)  IM  (bottom  spectra)  and  their  copper(II) 
chloride  complexes  (top  spectra). 
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Figure  4.6.  Crystal  structure  of  EM. 

4 3 2 Langmuir  and  Langmuir-Blodgett  Film  Studies 
4 3.2.1  Langmuir  films 

The  isotherms  of  the  compounds  presented  in  this  chapter  are  shown  in  Figure  4.7. 
The  pressure  onset  areas  of  8DI  and  16DI  on  water  were  93  and  102  A"  molecule  , 
respectively.  The  more  planar  8 EM  and  16IM  compounds  were  more  condensed  than  their 
DI  counterparts  with  onset  areas  at  90  and  72  A2  molecule-1,  respectively.  The  isotherm  of 
16IM  is  unique  in  this  series  in  that  it  appears  to  under  go  a phase  transition  at  pressures 
above  13  mN  m‘\  When  the  surface  pressure  of  the  condensed  region  was  extrapolated  to 

o — . 

zero  pressure,  an  area  of  54  A“  molecule-  was  obtained.  This  film  collapsed  at  ca.  48  mN 
m-1 . On  water,  8DI,  16DI,  and  8EM  collapsed  near  13  mN  m-1,  suggesting  that  the  low 
amphiphilicity  may  exclude  the  formation  of  an  ordered  surface  phase  on  this  subphase. 

The  lophine  derivatives  were  spread  onto  subphases  that  contained 
copper(II)chloride,  cobalt(II)chloride,  zinc(II)chloride  and  nickel(II)chloride.  At  high 
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concentrations  (10'1  M),  the  only  subphase  that  induced  a significant  change  in  the  it -A 
isotherms  was  copper(II)chloride.  The  isotherms  were  also  studied  at  40°  C,  but  no 
difference  was  observed.  The  pressure  onset  areas  were  0,  7,  15  and  3 1%  smaller  on 
Copper(II)chloride  than  on  water  for  161M,  16DI,  8IM,  and  8DI,  respectively,  suggesting 
that  8DI  interacted  with  the  Cu(II)  ions  to  the  greatest  extent.  Further,  the  collapse 
pressures  for  16DI,  8LM,  and  8DI  were  17,  22,  and  22  mN  m*1,  respectively.  The 
isotherm  of  16EV1  on  the  Cu(II)  ion  subphase  was  very  similar  to  that  on  water 


Figure  4.7  Isotherms  of  lophine  derivatives  on  water  ( ) and  10"2  M Cu(II)Cl2 
( — )subphases  (25°  C). 
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Isobaric  creep  measurements  were  used  to  monitor  the  stability  of  the  films  over 
time.  The  films  of  8IM  and  8DI  on  water  at  2,  5,  and  10  mN  m"1  underwent  a small 
expansion  that  increased  the  film  area  by  ca.  3%.  The  expansion  was  usually  complete  in 
5 min,  and  after  that  time,  the  films  usually  crept  less  than  7%  of  their  total  area  in  60  min. 
The  results  on  Cu(II)  ion  subphases  were  similar.  The  films  of  16IM  and  16DI  were 
unique  in  that  the  isobaric  creep  measurements  on  Cu(II)  ion  subphases  at  2 mN  m'1 
showed  an  approximate  10%  increase  in  film  area  that  peaked  at  20  and  40  min, 
respectively.  After  that  time,  the  film  area  gradually  decreased  and  leveled  off  after  80 
min.  The  final  areas  were  ca.  8%  less  than  the  initial  areas.  This  effect  was  observed  to  a 
lesser  degree  when  the  films  were  held  at  5 mN  m'1,  but  was  not  observed  when  the  films 
were  held  at  10  mN  m"1.  The  data  suggests  that  when  the  films  of  16IM  and  16DI  occupy 
a greater  mean  molecular  area,  the  Cu(II)  ions  can  diffuse  into  the  film  more  easily. 

These  results  suggest  that  the  length  of  the  hydrophobic  chain  has  a significant 
effect  on  complexation  and  that  the  shorter  chains  allow  more  efficient  complexation.  In 
general,  longer  chains  form  more  rigid  films,  which,  in  this  case,  may  hinder  the  ability  of 
the  Cu(II)  ion  to  diffuse  past  the  hydrophobic  benzyl  group  to  reach  the  complexation  site 
on  the  imidazole  ring.  The  planarity  of  the  lophine  moiety  also  appears  to  have  a 
significant  effect  on  complexation.  The  less  planar,  DI  derivatives  exhibit  more  significant 
changes  in  their  tt-A  isotherms  when  going  from  water  to  Cu(II)  ion  subphases. 

The  films  of  8CA  and  8NO  were  studied  to  so  that  the  effects  of  adding  a 
hydrophilic  group  to  the  molecules  could  be  studied.  Isotherms  of  8CA  and  8NO  were 
generated  on  water  and  Cu(II)  ion  subphases  (Figure  4.7).  8CA  had  onset  areas  at  79  and 
82  A2  molecule'1  on  water  and  Cu(II)  ion  subphases,  respectively.  Both  isotherms 
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suggested  a phase  transition,  which  was  reversible  upon  expansion,  that  occurred  at  10 
mN  m'1.  The  films  appeared  to  collapse  at  28  and  40  mN  m'1,  on  water  and  Cu(II)  ion 
subphases.  Isobaric  creep  studies  of  these  films  indicate  exceptional  stability  at  pressures 
below  10  mN  m'1  with  less  than  5%  film  area  loss  after  several  hours.  The  films  of  8NO 
also  had  onset  areas  at  79  and  82  A2  molecule'1  on  water  and  Cu(II)  ion  subphases, 
respectively.  However,  no  phase  transition  was  observed.  The  films  collapsed  at  15  and 
18  mN  m'1. 

4.3.2  2 LB  films 

LB  films  of  8DI  from  water  and  Cu(II)  ion  subphases  were  prepared  on  quartz  for 
UV-vis  studies.  When  the  films  were  transferred  from  a water  or  a -lO"4  M Cu(II)  ion 
subphase,  the  transfer  ratios  indicated  that  transfer  was  occurring  on  both  the  up  and  the 
down  strokes,  forming  Y-type  films.  However,  when  the  film  was  transferred  from  a~10"2 
M Cu(II)  ion  subphase,  the  ratios  indicated  that  transfer  only  occurred  on  the  up-stroke, 
forming  Z-type  films. 

4. 3. 2. 2.1  UV-vis  analysis.  The  transfer  results  are  supported  by  UV-vis  data, 
which  show  that  a 60  layer  film  prepared  on  quartz  from  a water  subphase  had  an  intensity 
similar  to  that  of  a 120  layer  film  prepared  from  a 10'2  M Cu(II)  ion  subphase  (Figure  4.8). 
In  addition  to  the  spectra  of  the  films.  Figure  4.7  shows  the  spectra  of  DI  and  DI-Cu(II)  in 
chloroform.  The  X ^ values  of  the  Cu(II)  containing  film  and  solution  were  slightly  blue- 
shifted  when  compared  to  that  of  the  free  ligands.  The  X^  of  the  8DI-Cu(II)  film  was  292 
nm  while  that  of  the  8DI-H20  film  was  at  302  nm,  and  the  values  of  the  DI  and  DI- 
Cu(II)  in  solution  were  297  and  290  nm,  respectively.  Both  sets  of  bands  from  the  films 
are  broader.  The  inflection  points  from  the  films  are  at  ca.  258  and  385  nm,  while  those  of 
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the  solutions  are  at  ca.  261  and  362  nm.  Further,  the  absorbance  of  the  solution  returns  to 
the  baseline  at  ca.  368  nm,  but  the  absorbance  from  the  films  is  not  at  the  baseline  even  at 
500  nm.  This  peak  broadening  and  small  red-shift  between  the  solutions  and  films  has  been 
observed,  and  was  attributed  to  molecular  aggregation  in  the  LB-films. 63 


Figure  4.8.  UV-vis  spectra  of  films  of  8DI  from  water  (60  layers)  ( — ) and  Cu(II)  ion  (120 
layers)(  ) subphases  and  10'7  M solutions  of  DI  ( ) and  DI-Cu(II)  ( — ). 

LB  films  of  8CA  and  8NO  were  prepared  from  water  and  Cu(II)  ion  subphases. 
The  molar  absorptivities  of  these  compounds  were  such  that  30  layer  films  were  sufficient 
for  study  by  UV-vis.  The  transfer  ratios  of  8NO  when  the  films  were  transferred  from 
water  and  10'2  M Cu(II)  on  the  up-stroke  were  between  0.9  and  1.2  and  on  the  down- 
stroke  were  between  0.0  and  0.2,  indicating  the  formation  of  Z-type  films.  The  transfer 
ratios  of  the  films  of  8CA  indicated  the  formation  of  Y-  and  Z-type  films  when  transferred 
from  Cu(II)  ion  and  water  subphases,  respectively.  Figure  4.9  shows  the  difference  in 
absorbance  intensity  between  the  films  of  8CA,  in  which  the  absorbance  intensity  of  films 
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transferred  from  water  is  0.47  a.u.  while  that  of  the  8CA-Cu(II)  film  is  0.73  a.u.  This 
relatively  large  intensity  difference  supports  the  transfer  ratio  evidence  of  the  formation  of 
two  different  film  types. 

The  UV-vis  of  1 5 layer  films  and  a chloroform  solution  of  8NO  is  shown  in  Figure 
4. 10.  The  solution  has  A^  values  at  277  and  425  nm  while  both  films  have  a single  A^ 
at  290  nm.  The  band  that  arose  from  the  tt-tt  * transition  is  broad  in  the  films  and  the  band 
resulting  from  the  n-7t  * transition  was  not  observed.  The  loss  of  this  band  has  been 
observed  in  similar  films  and  was  attributed  to  the  chromophore  orientation. 58,59  It  has 
been  suggested  that  the  chromophore  is  oriented  such  that  it  only  interacts  weakly  with 
the  incident  light  which  is  perpendicular  to  the  plane.  To  test  this  theory,  a solution  cast 
film  of  8NO  was  prepared  and  its  UV-vis  spectra  was  measured.  It  was  found  that  this 
film  was  similar  to  the  solution  with  bands  at  277  and  425  nm,  indicating  that  the 
chromophore  in  the  LB-films  had  some  degree  of  orientational  order.  This  effect  was  also 
observed  in  the  LB  films  of  8CA  (Figure  4.9),  in  which  the  band  at  375  nm  in  the  solution 
spectra  was  not  observed  in  the  spectra  of  the  LB  films. 

4 3 2 2.2  ATR-FTIR  Figure  4.11  shows  the  ATR-FTIR  of  1 5 layers  of  8DI 
transferred  from  a water  subphase.  The  ATR-FTIR  spectrum  of  the  8DI-H20  film  had 
two  resolved  broad  bands,  which  were  the  asymmetric  CH2  stretch  (va(CH2))  at  2926 
cm'1  and  the  symmetric  CH2  stretch  (vs  (CH2))  at  2856  cm'1 . The  measured  frequency  of 
(va  (CH2 ))  is  an  indication  of  the  conformational  order  of  alkyl  chains  in  LB  films.  A (va 
(CH2))  value  of  2918  cm'1  indicates  an  all  trans  conformation,  while  a value  of  2924  cm'1 
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Figure  4.9.  UV-vis  spectra  of  30  layer  films  of  8CA  transferred  from  water  ( — ) and  10'2 
M Cu(II)Cl2  ( — )subphases  at  25°  C,  a 1C6  M chloroform  solution  of  8CA  ("). 


Figure  4.10.  UV-vis  spectra  of  30  layer  films  of  8NO  transferred  from  water  ( — )and  10'2 
M Cu(II)Cl2  ( )subphases  at  25°  C,  a 10-6  M solution  of  8NO(  ),  and  a solution  cast 
film( — ). 
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indicates  a high  percentage  of  gauche  conformations.  The  band  at  2926  cm'1  for  the  8DI 
film  suggests  significant  gauche  conformations  in  the  alkyl-chains.65  Further,  the  full 
width  at  half  maximum  (fwhm)  was  ca.  32  cm'1.  The  fwhm  is  an  indication  of  the 
orientational  order  of  the  alkyl  chains.  A fwhm  of  1 7 cm'1  indicates  an  ordered  film,  while 
randomly  oriented  films  can  have  fwhm  of  35  cm"1  or  greater.  The  broad  peaks  detected 
in  the  8DI  films  clearly  indicate  randomly  ordered  alkyl  chains.66  When  the  film  was 
transferred  from  the  10'2  M Cu(II)  ion  subphase  to  the  germanium  crystal,  no  ATR-FTIR 
spectrum  was  observed  upon  analysis.  Further,  after  many  attempts  to  remove  the  film  (a 
variety  of  solvents  and  plasma  etching),  it  was  apparent  that  the  germanium  crystal  was 
etched  and  was  no  longer  useful. 


Wavenumber  cm-1 

Figure  4.11.  ATR-FTIR  of  8DI  (15  layers  from  water)  on  a Ge  crystal. 

4.3 .2.2.3  X-ray  photoelectron  spectroscopy  (XPS).  XPS  analysis  can  give  direct 
evidence  of  the  presence  of  Cu(II)  incorporated  in  LB  films  and,  thus,  provides 
information  on  complexation.  This  technique  can  also  provide  information  on  the  amount 
of  Cu(II)  incorporated  into  the  film.  Figure  4.12  shows  the  XPS  survey  and  multiplex 
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spectra  of  a two  layer  film  of  8DI  that  was  transferred  from  a 10'2  M CuCl2  subphase  to 
silicon.  The  spectrum  indicates  that  Cu,  O,  C,  and  N were  present  in  the  LB  films.  The  Cu 
2p  peaks  are  distinct  at  953.0  eV  (Cu  2p3)  and  933.5  eV  (Cu  2p3)  and  the  ratio  of  Cu  to 
N is  about  1:2,  indicating  that  the  stoichiometry  of  the  metal  complex  is  1 Cu(II)  to  1 
amphiphile. 

Figure  4. 13  shows  the  XPS  survey  and  multiplex  spectra  of  a two  layer  film  of 
8NO.  The  peaks  at  953.0  (Cu  2pj)  and  934.0  (Cu  2p3)  eV  are  present  and  their  intensity 
was  compared  to  the  Nls  peak  at  399.5,  which  is  attributed  to  the  nitrogens  of  the 
imidazole.  The  presence  of  the  nitro  group  of  8NO  leads  to  the  development  of  a distinct 
Nls  peak  at  405.7  eV.  The  ratio  of  Cu  to  N in  this  film  was  ca.  1:3,  suggesting  that  the 
stoichiometry  of  the  metal  complex  is  1 Cu(II)  to  1.5  amphiphiles. 

4. 4. 3. 2. 4 X-rav  diffraction  (XRDY  In  order  to  establish  the  existence  of  a layered 
architecture,  X-ray  diffraction  analysis  was  performed.  Figure  4. 14a  shows  the  two 
dimensional  diffraction  pattern  of  a 1 8 layer  film  of  8NO  that  was  deposited  from  a 
Cu(II)chloride  subphase,  while  Figure  4. 14b  shows  the  data  radially  averaged  and  intensity 
is  plotted  as  a function  of  diffraction  angle.  The  data  shows  two  orders  of  peaks,  which 
indicate  that  the  layers  structure  was  maintained  during  transfer.  Further,  the  sharpness  of 
the  peaks  in  the  meridional  and  equatorial  directions  provides  evidence  that  the  film  layers 
formed  large  domains  and  were  highly  parallel. 

The  fully  extended  length  of  the  8NO  was  calculated  and  found  to  be  ca.  22.2  A 
From  the  reflection  curve,  a layer  spacing  of  18.2  A is  inferred,  suggesting  a Z-type, 
layered  film  architecture.  The  fact  that  the  layer  spacing  is  ca.  4.0  A smaller  than  the 
amphiphile  suggests  that  the  aliphatic  chains  are  tilted  on  average  of  ca.  55°  with  respect 
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Figure  4.12.  a)XPS  survey  spectrum  of  8DI  b)  multiplex  spectrum  of  Cu  region  and  c) 
multiplex  spectrum  of  N region.  Two  layers  transferred  from  a 10‘2  M Cu(II)Cl2  subphase. 
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Figure  4.13.  a)XPS  survey  spectrum  of  8NO  b)  multiplex  spectrum  of  Cu  region  and  c) 
multiplex  spectrum  of  N region.  Two  layers  transferred  from  a 10‘2  M Cu(II)Cl2  subphase. 
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to  the  surface  normal.  This  value  is  consistent  with  the  molecular  structure  of  8NO.  No 
non-equatorial  contribution  was  observed,  indicating  that  no  preferred  layer  tilt  occurred. 
The  small  amount  of  sample  transferred  probably  prevented  sufficient  signal  in  the  wide- 
angle  region  of  the  meridional  areas.  Such  information  would  have  provided  information 
about  the  in-plane  packing  of  the  film.  The  somewhat  broadened  first-order  peak  is  not 
fully  understood. 


Figure  4. 14.  a)  The  two-dimensional  diffraction  pattern  and  b)  radially  averaged  X-ray 
diffraction  data  of  15-layers  of  8NO  on  silicon. 

4. 4. 3. 2. 5 Discussion.  There  have  been  many  reports  on  complex  formation 
between  transition  metal  ions  and  imidazole  and  benzimidazole  that  suggest  that  when  the 
pH  is  significantly  high,  the  complexes  are  polymeric  in  nature.  Work  done  by  Sigwart 
with  Cu(I)106  and  Bauman  and  Wang  with  Ag(I)103  has  shown  that  at  pH  6.5  an  insoluble, 
polymeric  1 : 1 metal  (I)-imidazole  complex  was  formed.  The  data  reported  herein 
suggests  that  the  films  of  the  lophine  derivatives  on  a Cu(II)  ion  subphase  at  pH  7.2  may 
also  be  polymeric  in  nature.  The  study  of  these  films  at  higher  pH  would  lead  to  increased 


2 3 4 5 6 

2~>(degees) 


a 


b 


101 


amounts  of  anionic  lophine  derivatives,  but  the  formation  of  insoluble  copper(II)hydroxide 
has  prevented  this  study.  The  remarkable  stability  of  these  films  on  Cu(II)  ion  subphases 
and  XPS  data  provides  the  best  evidence  for  polymer  formation.  Normally,  divalent  metal 
ions  (M2+)  are  tetrahedrally  coordinated  with  imidazole  (Im)  leading  to  the  formula 
M(Im)  42+;  however,  when  this  type  of  metal  ion  is  with  imidazolate  (Im  ),  which  is 
bidentate,  the  formula  is  M(Im  ) 2 and  the  structure  is  thought  to  be  an  infinite  polymer 
that  is  tetrahedrally  coordinated  with  four  bidentate  ligands  that  connect  two  metal  ions. 
The  bulky  nature  of  the  lophine  (Lo)  derivatives  used  in  this  study  probably  hinders  the 
formation  of  M(Lo)  42+  type  compounds,  however.  X-ray  diffraction  data  of  similar,  bulky 
imidazole  derivatives  has  shown  complexes  of  the  M(Im)22+  type, 115117  indicating  that 
M(Lo)  22+  type  complexes  may  also  form.  The  subphase  pH  in  this  study  was  7.2,  meaning 
that  a significant  amount  lophine  type  molecules,  which  are  usually  more  acidic  than 
imidazole, 102  were  in  an  anionic  form  in  the  Langmuir  film.  The  ligand  to  copper(II)  ratio 
of  2: 1 from  XPS  data  supports  this  theory  and  suggests  that  the  Langmuir  film  of  8DI  on 
a Cu(II)  ion  subphase  is  polymeric  Cu(8DL)1+.  Figure  4.15  illustrates  the  proposed 
Langmuir  film  structure. 

The  XPS  spectra  of  the  8NO  film  suggests  that  ratio  of  metal  to  amphiphile  is 
1:1.5,  which  indicates  that  this  film  may  be  a nearly  equal  mixture  of  polymeric 
Cu(8NO')1+  and  Cu(8NO)22+. 


4.4  Conclusions 

It  has  been  shown  that  lophine  derivatives  selectively  form  complexes  with  Cu(II) 
chlorides  or  ions  and  that  less  planar  derivatives  form  complexes  to  a greater  extent. 
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Figure  4. 15.  Proposed  configuration  of  the  Langmuir  Film  of  8DI-Cu(II). 

When  the  derivatives  were  made  amphiphilic,  it  was  possible  to  form  Langmuir 
monolayers.  In  some  cases,  the  films  could  be  stabilized  by  adding  Cu(II)  ions  to  the 
subphase.  Co(II),  Zn(II),  and  Ni(II)  ions  afforded  no  improved  film  stability.  Subphase 
composition  affected  the  type  of  LB-film  formed.  The  transfer  ratios  indicated  the 
formation  Y-  and  Z-type  films,  which  were  specific  to  each  amphiphile  and  subphase. 
ATR-FTIR  data  suggested  that  the  alkyl  chains  were  highly  disordered  in  the  LB-films. 
Analysis  by  UV-vis  indicated  that  the  films  transferred  well  and  that  a plot  of  absorbance 
versus  number  of  layers  was  linear.  Further,  bands  that  were  present  in  the  solutions  and 
solvent-cast  films  were  absent  in  the  LB  films.  This  change  in  the  spectra  was  attributed 
to  the  greater  degree  of  orientational  regularity  in  the  LB  films.  XPS  data  has  provided 
evidence  that  the  films  are  polymeric  in  nature  and  XRD  data  supports  the  formation  of  Z- 
type  layers  of  the  amphiphile,  8NO. 


CHAPTER  5 

SYNTHESIS  AND  POLYMERIZATION  OF  LOPHINE-TYPE  MONOMERS 

5.1  Introduction 

In  the  years  since  discovery  of  the  sulfonium  salt  precursor  route  to 
poly(phenylenevinylene)  (PPV)  (Chapter  1,  section  1.2)  reported  by  Wessling,1  this 
polymer  has  been  the  topic  of  much  research.  PPV  is  one  of  the  most  interesting  polymers 
from  a technological  point  of  view.  It  is  not  only  conducting  when  doped  and  exhibits 
nonlinear  optical  properties,  but  is  also  processable  into  high  quality  films  as  the  sulfonium 
salt  precursor  polymer.  Further,  the  properties  can  be  tuned  by  altering  the  conjugation 
lengths  within  the  polymer  backbone  or  adding  substituents  to  the  backbone.  The  addition 
of  substituents  can  have  significant  electrical,  steric,  and  morphological  effects  on  the 
resulting  polymer. 

The  work  reported  in  this  chapter  further  explores  the  synthesis,  polymerization, 
and  photoluminescent  behavior  of  derivatized  PPV.  The  work  reported  in  Chapter  3 of 
this  dissertation  showed  that  PPV  precursors  can  be  polymerized  in  a Langmuir  Film,  and 
in  this  chapter,  more  work  in  this  area  is  reported.  In  this  case,  a lophine  monomer  is 
made  part  of  the  PPV  backbone  by  polymerization  in  a Langmuir  film.  The  Langmuir  film 
polymerization  results  are  compared  with  traditional  solution  polymerization.  Lophine 
was  selected  for  study  because  of  its  interesting  optical  properties  reported  by  Moylan  et 
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al.100  and  because  it  was  established  in  Chapter  4 of  this  dissertation  that  ordered  films  of 
this  type  of  material  could  be  obtained. 


5.2  Synthesis 

The  synthesis  of  the  complex  molecule,  2-(2',5'-bis(tetrahydrothiopheniumyl- 
methyl)phenyl)-4,5-bis(4'-octaoxyphenyl)imidazole  dichloride  (MONLOPH),  was 
designed  so  that  maximum  yields  could  be  obtained,  which  required  exploring  a number  of 
synthetic  routes.  The  retrosynthesis  of  this  molecule  is  shown  in  Figure  5 .1.  The 
preparation  of  two  key  intermediates  would  determine  the  success  in  producing  the  final 
product.  The  first  key  compound  was  2,5-bis(hydroxymethyl)iodobenzene  (Figure  5.1a), 
which,  surprisingly,  was  not  well  documented  in  the  literature.  The  second  key  product 
was  the  2,5  substituted  lophine  derivative  (Figure  5.1b). 

5.2. 1 Synthesis  of  2.5-bis(hydroxymethyl)iodobenzene 

Though  2,5-bis(hydroxymethyl)iodobenzene  was  not  readily  available,  2-  and  3- 
hydroxymethyliodobenzene  were  commercially  available  and  their  synthesis  was 
documented.  Based  on  those  results,  the  three  routes  shown  in  Figure  5.2  were 
developed.  Due  to  the  number  of  steps  in  this  synthesis  and  the  uncertainty  of  the 
chemistry  that  followed,  it  was  important  to  produce  the  2,5-bis(hydroxymethyl) 
iodobenzene  efficiently  and  on  a minimum  10  g scale.  The  starting  materials  for  all  three 
routes  were  readily  available;  therefore,  the  three  routes  were  explored  simultaneously  to 


determine  which  was  the  most  efficient. 
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Figure  5.1.  Retrosynthesis  of  2-(2',5'-bis(tetrahydrothiopheniumylmethyl)phenyl)-4,5- 
bis(4'-octaoxyphenyl)imidazole  dichloride  (MONLOPH). 

The  first  route  (Figure  5.2a)  employed  a lithium  aluminum  hydride  reduction  of  2- 
aminoterephthalic  acid  to  form  2,5-bis(hydroxymethyl)aniline.  The  yield  of  this  reaction 
was  moderate  at  ca.  70%,  but  the  cleanup  was  tedious,  making  this  reaction  undesirable. 
Further,  the  yield  of  second  step  of  this  synthesis  was  poor  at  ca.  46  %.  Reduction  by 
borane-THF  was  also  attempted  as  described  in  the  literature  for  salicylic  acid;108  however, 
an  insoluble,  sticky  material  that  was  clearly  not  2,5-bis(hydroxymethyl)  aniline  was 
produced. 

The  second  route  (Figure  5.2b)  was  a three  step  synthesis  that  involved  an  NBS 
bromination.  The  first  step  employed  a diazotonation  reaction  to  form  iodo-p-xylene. 

This  reaction  was  done  with  great  ease  and  produced  >95%  yield.  The  second  step  of 
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Figure  5.2.  Synthetic  routes  to  2,5-bis(hydroxymethyl)  iodobenzene. 

this  route  used  NBS  to  brominate  the  benzylic  positions.  The  yields  of  this  reaction  were 
moderate  at  ca.  67%,  but  required  careful  purification  by  column  chromatography.  In 
order  to  easily  produce  10-20  g quantities  of  2,5-bis(hydroxymethyl)  iodobenzene,  column 
chromatography  should  be  avoided  if  possible.  Meanwhile,  work  on  the  third  route  was  in 
progress. 

The  third  route  (Figure  5.2c)  employed  a diazotonation  of  2-aminoterephthalic 
acid  to  form  2-iodoterephthalic  acid  followed  by  reduction  with  borane-THF.  The  first 
step  of  this  route  was  nearly  quantitative  and  further  purification  was  unnecessary.  The 
mild  reducing  agent,  borane-THF  was  selected  because  of  literature  reports  that  indicated 
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clean  conversion  of  2-iodobenzoic  acid  to  2-iodobenzyl  alcohol  in  93%  yield.108  Though 
the  reaction  times  were  much  longer  for  the  reduction  of  iodoterephthalic  acid  than  those 
reported  for  similar  compounds,  the  reaction  was  clean  and  high  yielding.  The  preceding 
experiments  clearly  indicated  that  the  third  route  was  best  suited  for  the  production  of  2,5- 
bis(hydroxymethyl)iodobenzene . 

5,2,2  Synthesis  of  2-(2'.5'-bis(chloromethyl)phenvD-4.5-bis('4'-octaoxvphenvl)imidazole 

The  commercially  available  compound,  2-iodobenzyl  alcohol,  was  used  to 
determine  the  reaction  conditions  necessary  for  the  synthesis  of  2-(2',5'-bis(chloro- 
methyl)phenyl)-4,5-bis(4'-octaoxyphenyl)imidazole.  The  series  of  reactions  is  shown  in 
Figure  5.3.  GC-MS  results  indicated  that  the  first  step  of  the  synthesis  resulted  in  the 
preparation  of  a 2: 1 mixture  of  2-(hydroxymethyl)benzaldehyde  (Figure  5.3a)  and  its  ring- 
closed  hemiacetal  (Figure  5.3b),  which  is  reported  in  the  literature.110,111  Due  to 
equilibrium  nature  of  the  species,  it  was  believed  that  the  second  step  of  the  reaction 
would  proceed  to  the  desired  product;  however,  GC-MS  and  !H  NMR  results  suggested 
the  formation  of  a 1:1  mixture  of  the  desired  product  (Figure  5.3  c)  and  a ring-closed 
product  (Figure  5.3d).  Though  it  may  have  been  possible  to  continue  this  reaction  series 
using  HBr  bromination,  it  was  felt  that  a route  that  produced  one  desired  product  would 
be  the  easier  to  control  and  characterize.  One  way  of  achieving  this  goal  was  to  protect 
the  benzyl  alcohol. 

There  are  numerous  protecting  groups  for  alcohols,  so  it  was  important  to  select 
one  that  would  withstand  the  subsequent  reaction  conditions  and  could  be  easily  removed. 
Methoxyethoxyether  (MEM)113  and  methoxymethoxyether  (MOM)114  are  two  common 
protecting  groups  for  alcohols.  MEM  is  reportedly  be  more  stable  than  MOM  under 
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CO,  [(CeHshPUPd 
[CH3(CH2)3]SnH, 
Toluene 


4,4'-Dimethoxybenzil 
NH4OAc,  Acetic  Acid 


Figure  5.3.  Model  compound  synthesis. 

acidic  conditions.ref  These  protecting  groups  were  investigated  and  it  was  found  that  both 
cleaved  when  subjected  to  acetic  acid  at  temperatures  between  1 10-120°C,  which  are  the 
conditions  necessary  to  form  the  heterocyclic  ring.  However,  at  temperatures  below 
85°  C,  both  protecting  groups  remained  intact.  Therefore,  due  to  cost,  toxicity  of  the 
MEM  chloride,  and  ease  of  removal,  MOM  was  selected  for  further  study. 

The  choice  of  protecting  group  raised  questions  about  the  feasibility  of  the 
Radziszewski  reaction91,100,102  (imidazole  ring  formation)  at  reduced  temperature. 
However,  it  was  determined  that  the  lophine  derivative  formed  very  slowly  at  80  0 C,  and 
if  the  reaction  was  allowed  to  continue  for  24  to  48  hours,  the  desired  product  could  be 


obtained  in  good  yield. 
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The  information  obtained  in  these  model  studies  was  applied  to  the  synthesis  of  2- 
(2,5  -bis(tetrahydrothiopheniumyl)-4, 5 -bis((4-octaoxy)phenyl)imidazole  dichloride 
(MONLOPH,  Figure  2.3).  The  synthesis  is  easily  reproduced  and  in  general,  each  step 
produced  high  yields. 

5 3 Langmuir  Film  Characterization  and  Polymerization  of  MONLOPH 
Monolayers  of  MONLOPH  were  formed  and  the  n-A  isotherms  on  pure  water 
and  0.03  M NaOH  are  shown  in  Figure  5.4.  The  isotherm  on  base  had  an  onset  area  of  74 
A2  molecule'1  and  a collapse  pressure  of  45  mN  m'1 , while  that  on  water  was  more 
expanded  with  an  onset  area  at  83  A2  molecule'1  and  had  a lower  collapse  pressure  at  ca. 
30  mN  m'1 . Isobaric  creep  measurements  of  both  films  at  pressures  below  8 mN  m'1 
revealed  that  the  films  were  stable  and  had  less  than  5%  area  loss  over  lh. 


Figure  5.4.  Isotherms  of  MONLOPH  on  water  ( — ) and  0.03  M NaOH  ( — ) at  2-5  °C. 
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Films  of  MONLOPH  were  then  prepared  on  a 0.03  M NaOH  subphase  that  had  been 
degassed  as  described  in  Chapter  2.  Argon  was  constantly  flushed  over  the  trough 
surface.  The  isotherms  were  the  same  as  those  produced  on  non-degassed  base  and  when 
the  films  were  compressed  to  8 and  12  mN  m"1  and  held  at  that  pressure  for  one  hour, 
there  was  very  little  area  change.  After  one  hour  under  reaction  conditions,  the  films  were 
collected  and  analyzed  by  GPC,  which  indicated  the  presence  of  monomer  and  dimer.  One 
explanation  for  the  lack  of  reactivity  may  have  been  steric  hindrance  from  the  bulky 
lophine  group.  Therefore,  a simple  C18-substituted  monomer  was  synthesized  as  it  was 
felt  that  it  may  ‘fit’  between  the  bulky  lophine  derivatives  and  allow  polymerization. 

5.4  Mixed  Monolayer  Studies 

The  monomer,  2,5-bis(tetrahydrothiopheniumylmethyl)octadecylbenzene 
(MONC18),  was  synthesized  (Scheme  2.5)  and  a series  of  mixed  monolayers  of  this 
compound  and  MONLOPH  was  studied  to  determine  if  the  bulk  of  the  lophine  pendent 
side  group  was  hindering  the  reaction.  Figure  5.5  shows  the  series  of  isotherms  of  the 
pure  components  and  their  mixtures  on  water.  The  isotherms  show  that  as  the 
concentration  of  MONC18  was  increased,  the  pressure  onset  area  decreased.  Isobaric 
creep  data  suggested  that  the  films  were  stable  at  a surface  pressure  10  mN  m'1  for  90  min. 
5.4. 1 Excess  Free  Energy  of  Mixing  Calculations. 

The  excess  free  energy  of  mixing  (AG^^J  was  calculated  as  described  in  Chapter 
1 to  determine  if  the  Langmuir  film  components  were  mixed  or  phase  separated.  If  the 
components  were  mixed,  then  copolymerization  was  feasible.  A negative  calculated  value 
of  A Gn^  indicates  that  mixing  of  components  has  occurred.  Figure  5.6  shows  that 
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Figure  5.5.  Isotherms  of  MONLOPH,  MONC18  and  their  mixtures  at  2-5  °C  on  water. 


Figure  5.6.  Plot  of  A at  2,  5,  and  10  mN  m "1. 
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A was  negative  for  the  mixtures  and  surface  pressures  studied  except  when  the 
mixture  is  80%  MONLOPH.  At  this  composition,  the  values  of  A are  close  to  zero 
or  very  slightly  positive.  Based  on  the  values  obtained,  it  was  assumed  that  the 
components  were  mixed  and  that  copolymerization  was  feasible. 

5,4,2  Gel-Permeation  Chromatography. 

The  first  system  studied  for  polymerization  was  a 50:50  mixture  (mole  percent)  of 
MONLOPH  and  MONC18.  The  isotherms  of  the  mixture  on  0.03  M NaOH  had  a lower 
onset  pressure  at  67  A2  molecule'1  than  on  water,  which  may  indicate  reaction  with  the 
subphase.  Isobaric  creep  measurements  showed  that  both  films  were  very  stable  over  time 
with  less  than  5%  area  loss  after  lh.  The  polymerization  was  carried  out  as  described  in 
Chapter  2.  The  material  was  collected  and  analyzed  by  gel  permeation  chromatography, 
which  indicated  that  some  very  high  molecular  weight  polymer  had  formed  (>  80  000  D), 
but  that  much  of  the  material  formed  was  lower  molecular  weight  material  (Mw=14  500, 
M„  = 6 000). 

The  positive  GPC  results  lead  to  the  study  of  the  polymerization  of  a series  mixed 
monolayers.  The  GPC  chromatograms  of  the  polymerization  products  are  shown  in 
Figure  5.7.  The  chromatograms  reveal  a broad  dispersity  of  products  that  have  molecular 
weights  ranging  from  that  of  monomer  to  high  molecular  weight  polymer.  This  reaction 
normally  produces  a materials  with  broad  polydispersities;  however,  the  low  molecular 
weight  portion  is  often  removed  by  dialysis.  In  the  case  of  Langmuir  polymerizations,  the 
amount  of  material  produced  is  very  small  and  dialysis  is  not  feasible. 
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Figure  5.7.  GPC  chromatograms  of  Langmuir  film  polymerization  products  of  mixed 
monolayers  of  MONLOPH  and  MONC18  and  a polystyrene  standard.  Solvent: 
chloroform,  chromatogram  monitored  at  300  nm. 

5.4,3  UV-vis  Analysis 

The  reaction  products  of  the  mixed  monolayers  were  collected  as  described  in 
Chapter  2,  dissolved  in  chloroform,  and  UV-vis  analysis  was  performed.  The  UV-vis  data 
of  the  monomer  and  the  precursor  and  heat  treated  50/50  mixture  polymer  is  shown  in 
Figure  5.8.  The  results  from  the  UV-vis  analysis  were  disappointing  in  that  after  heating 
the  materials  at  100°C  for  1 hr  under  vacuum,  there  was  were  no  Amax  in  the  380-450  nm 
range  that  is  typically  observed  for  PPV  derivatives.  This  result  may  be  due  to  torsional 
strain  on  the  polymer  backbone  that  disrupts  conjugation  and  leads  to  a blue  shift  in  the 
UV-vis  spectrum  or  may  simply  be  a concentration  effect.  It  is  possible  that  the  amount  of 
material  recovered  in  this  technique  was  not  sufficient  for  analysis  by  this  technique. 
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Figure  5.8.  UV-vis  spectra  of  50:50  MONC18  and  MONLOPH  ( '),  the  precursor 
polymer  ( — ),  and  the  heat  treated  polymer  ( — ). 

5.4.4  Fluorescence  Analysis 

Fluorescence  spectrometry  is  a more  sensitive  analytical  technique  that  is  typically 
useful  in  the  10"9  M range,  making  it  a valuable  tool  for  the  study  of  the  polymerization 
products  of  certain  Langmuir  films.  The  reaction  products  of  the  mixed  monolayers  were 
dissolved  in  chloroform  and  fluorescence  measurements  were  preformed.  The  results  of 
this  experiment  (Figure  5.9)  reveal  that  the  A^  of  the  polymerized  100  % MONC18  was 
at  461  nm.  As  the  concentration  of  MONLOPH  was  increased  in  the  monolayers,  a 
second  Amax  centered  at  ca.  560  nm  increase  in  intensity.  The  spectrum  of  MONOLOPH 
(the  monomer),  which  has  a A^  at  445  nm,  is  also  shown  for  comparison.  From  this 
data,  the  red  shift  between  monomer  and  polymer  is  apparent. 
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Figure  5.9.  Fluorescence  spectra  of  the  polymerization  products  of  the  mixed  monolayers 
ofMONC18  and  MONLOPH  in  chloroform.  Ex=  350  nm. 

5.5  Solution  Polymerization  of  MONLOPF1  and  MONC18 
The  solutions  of  pure  MONC 1 8,  pure  MONLOPH,  and  an  equimolar  solution  of 
the  two  were  polymerized  so  that  fluorescence  and  UV-vis  behavior  of  these  products 
could  be  compared  to  the  products  of  the  Langmuir  film  polymerization.  GPC  data  of  the 
pure,  solution  polymerized  MONC  1 8 reaction  products  indicated  an  Mw  of  64  000  and  an 
Mn  of  48  000.  The  GPC  data  of  the  pure  MONLOPH  and  the  50/50  mixture  of 
MONLOPH  and  MONC  18  indicated  the  formation  of  low  molecular  weight  oligomers 
with  a Mw  of  ca.  2 500  and  a M„  of  ca.  2 100. 
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5.5.1  UV-Vis  Studies 

The  UV-vis  spectra  of  the  three  materials  are  shown  in  Figure  5.10.  Figure  5. 10a 
shows  the  spectra  of  the  pure  MONC 1 8,  its  precursor  polymer,  and  its  polymer  after  being 
subjected  to  100  and  180°C  for  1 h under  vacuum.  The  monomer  has  no  absorbance 
features  at  wavelengths  greater  than  300  nm,  but  after  polymerization  there  is  a red  shift 
of  the  spectra  and  a greater  red  shift  and  the  formation  of  a shoulder  centered  at  ca.  405 
nm  after  heating  at  100  °C.  The  spectra  of  the  polymer  heated  at  100  and  180  °C  are  very 
similar  to  one  another.  Further,  this  spectrum  is  similar  to  that  of  poly(2,5-diheptyl-l,4- 
phenylenevinylene)  (Mw=140  000,  M„  = 38  000)  which  was  pyrolyzed  at  300°C  ref 

Figure  5. 10c  shows  the  spectra  of  MONLOPH,  its  precursor  polymer  and  its 
polymer  after  heating  at  100  and  180  ° C.  The  monomer  has  a at  300  nm,  while  the 
spectrum  of  the  precursor  polymer  was  red  shifted.  The  polymer  heated  at  100  ° C has  a 
Amax  at  460  nm,  which  reflects  the  formation  of  the  conjugated  backbone  and  is  typical  of 
PPV  type  polymers.  However,  when  this  polymer  was  heated  at  180  °C,  the  Amax  at  460 
nm  was  no  longer  apparent  in  the  spectra,  indicating  a loss  of  conjugation  along  the 
polymer  backbone. 

The  spectra  of  the  copolymer  is  shown  in  Figure  5. 10b.  These  spectra  have 
features  that  are  common  to  both  of  the  previous  spectra.  There  is  a shoulder  between 
375  and  425  nm  that  is  similar  to  that  of  the  pure  MONLOPH  and  a second  shoulder 
centered  at  ca.  425  nm,  which  is  similar  to  that  of  the  MONC  18.  The  development  of  this 
shoulder  at  ca.  425  nm,  after  heat  treatment,  reflects  the  formation  of  the  conjugated  PPV 


backbone. 
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Figure  5.10.  UV-vis  spectra  of  the  monomers  and  the  solution  polymerized  (a)  MONO  8, 
(c)MONLOPH,  and  (b)their  50/50  mixture  before  and  after  heat  treatment. 
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5.5.2  Fluorescence  Studies 

The  excitation  and  emission  spectra  of  three  solution  polymerized  materials  are 
shown  in  Figure  5.11.  Figure  5.11a  shows  the  spectra  of  the  pure  MONC 1 8 polymerized 
and  heated  material.  The  emission  spectra  has  X^  at  480  and  5 1 5 nm.  The  emission 
spectra  of  the  pure  MONLOPH  (Figure  5.11c)  has  a X^  at  430  nm,  which  is  strikingly 
similar  to  that  of  the  monomer  (Figure  5.9).  The  emission  spectra  of  the  50/50  mixture, 
which  has  X ^ at  430,  480,  and  5 1 5 nm,  looks  much  like  a simple  mixture  of  the  two  pure 
samples.  The  excitation  spectra  has  Xmsx  at  368  and  410  nm,  which  also  correlates  well 
with  pure  MONLOPH  and  MONC  18  materials  that  have  X ^ at  355  and  410  nm, 
respectively.  This  data  suggests  that  when  monomer  mixtures  were  studied  that 
MONLOPH  did  not  polymerize  under  the  reaction  conditions  used,  and  that  MONC  18  did 
form  some  oligomeric  material. 

5.5.3  Comparison  of  the  Langmuir  and  Solution  Polymerizations. 

In  Figure  5 .12,  the  emission  spectra  of  the  of  the  materials  produced  in  Langmuir 
films  are  superimposed  on  those  corresponding  materials  produced  in  solution.  Figure 
5. 12a  shows  the  spectra  of  the  100%  MONC  1 8 polymerization  products.  The  of  the 
solution  and  Langmuir  films  is  at  480  and  462  nm,  respectively.  The  emission  spectrum  of 
the  Langmuir  film  polymerized  MONC  1 8 is  broad  and  lacks  the  fine  structure  that  is 
evident  in  the  solution  polymerized  material.  The  shape  of  this  peak  and  the  observed  blue 
shift  indicates  an  inhomogeneity  of  the  states  that  arise  from  polymer  backbone  being 
twisted  out  of  planarity. 28  When  the  monomer  is  polymerized  in  a Langmuir  film,  the 
excess  of  base  that  is  present  in  the  subphase  causes  a substantial  portion  of  the  backbone 
units  to  undergo  elimination  to  the  fully  conjugated  species,114  thus  locking  the 
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Figure  5.1 1.  Excitation  and  emission  spectra  of  the  solution  polymerized  (a)  MONC18, 
(b)  50/50  mixture  of  MONC18  and  MONLOPH,  and  (c)MONLOPH  in  chloroform. 
Aex=320  nm,  Aem=500  nm. 


pendent  C 1 8 alkyl  groups  on  one  side  of  the  polymer  backbone.  The  steric  interactions  of 
the  side  chains  may  induce  backbone  twisting. 

The  fluorescence  spectra  of  the  50/50  mixtures  are  compared  to  one  another  in 
Figure  5.12b,  and  the  100%  MONLOPH  solution  polymerization  product  is  compared  to 
the  80%  MONLOPH  Langmuir  film  polymerization  product  in  Figure  5. 12c.  The  striking 
difference  between  the  latter  spectra  is  the  increased  relative  intensity  of  the  band  that 
appears  at  ca.  550  nm  when  the  MONLOPH  mixtures  were  polymerized  in  a Langmuir 
film.  This  band  does  not  appear  in  the  solution  polymerized  materials.  This  data,  together 
with  the  GPC  data,  suggests  that  the  Langmuir  polymerization  was  more  successful  than 
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the  solution  polymerization  (under  the  conditions  used).  The  order  that  is  induced  in 
Langmuir  films  may  have  led  to  a molecular  packing  that  is  more  favorable  for  reaction  or 
produces  sequences  with  less  strain. 

5.6  Film  Transfer  and  UV-Vis  Analysis 

Once  it  was  established  that  MONLOPH  polymerized  in  the  Langmuir  film,  the 
next  step  was  to  transfer  the  film  to  quartz  and  determine  if  there  were  differences  in  UV- 
vis  absorption  spectra  of  the  polymer  before  and  after  soaking  in  copper(II)chloride 
solution.  If  there  were  a change  in  the  UV-vis  spectra,  then  the  utility  of  this  material  as  a 
metal  ion  sensor  could  be  further  explored.  However,  the  earlier  studies  suggested  that  the 
molar  absorptivity  of  these  complexes  was  very  weak,  making  the  success  of  these 
experiments  unlikely  (Chapter  4). 

In  order  to  achieve  the  highest  loading  of  lophine-type  groups  while  still  assuring 
polymerization,  a 80:20  ratio  (mole  percent)  of  MONOLOPH  to  MONC18  was  selected 
for  investigation.  After  one  hour  under  polymerization  conditions,  the  material  was 
transferred  to  quartz  using  the  vertical  dipping  technique.  The  transfer  ratios  were 
between  1 . 1 and  1 .4  on  the  up-stroke  and  0.9  and  1 . 1 on  the  down  stroke,  and  30  layers 
were  successfully  transferred. 

Figure  5.13  shows  the  UV-vis  spectra  of  the  film  both  before  and  after  heat 
treatment  (100°C,  under  vacuum)  and  after  15  minutes  in  a 10'3  M solution  of 
copper(II)chloride.  The  three  spectra  show  no  significant  differences.  The  spectra  are  all 
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Figure  5.12.  Emission  spectra  of  solution  ( ) and  Langmuir  ( — )polymerized  (a) 
MONC18,  (b)  50/50  mixture  of  MONC18  and  MONLOPH  and  (c)  100%  MONLOPH 
(solution)  and  80%  MONLOPH  (Langmuir). 


very  similar  to  those  of  the  heat  treated  polymers  in  chloroform  solution  (for  example. 
Figure  5.8).  This  result  was  not  surprising  because  during  transfer,  the  films  were 
subjected  to  periods  in  the  basic  subphase,  which  can  also  lead  to  elimination  of  the 
sulfonium  moiety. 

5.7  Conclusions 

The  work  presented  in  this  chapter  shows  that  polymerizable  derivatives  of  lophine 
can  be  synthesized  in  good  yields  and  copolymerized  with  simple  monomers  in  a Langmuir 
environment.  The  mixed  monolayer  films  were  stable  over  time  on  water.  The 
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Figure  5.13.  UV-vis  spectra  of  20: 80  MONC 1 8.MONLOPH  after  polymerization  ( ), 
after  100°C  under  vacuum,  1 hr  ( — ),  and  15  min  in  a 10"3M  CuCl2  solution  (— ). 

30  layers  on  quartz. 

solution  polymerizations  were  less  successful  under  the  conditions  used;  however,  there 
are  numerous  methods  by  which  the  PPV  backbone  can  be  prepared  and  another  method 
may  be  more  successful.  The  sensitivity  of  fluorescence  analysis  made  it  a more  useful 
tool  than  absorption  techniques  to  study  the  Langmuir  film  produced  polymers. 

LB  films  of  the  80:20  mixture  of  MONLOPH  and  MONC18  were  prepared  on 
quartz  and  analyzed  by  UV-vis.  The  results  showed  that  there  was  no  detectable  change 
in  absorption  spectra  when  the  films  were  place  in  concentrated  Cu(II)chloride  solutions, 
suggesting  little  utility  for  these  materials  as  sensors. 


CHAPTER  6 
CONCLUSIONS 


Though  the  work  presented  in  this  dissertation  shows  that  lophine  derivatives  were 
not  suitable  materials  for  transition  metal  ion  sensing,  a number  of  other  interesting 
discoveries  were  made.  It  has  been  shown  that  derivatized  PPV  precursor  polymer  can 
form  in  a Langmuir  film  and  that  lophine  derivatives  complex  with  Cu(II)  ions  and  form 
interesting  mono-  and  multi-  layer  films. 

The  data  presented  within  this  dissertation  shows  that  the  PPV  derivatives  can 
form  in  a Langmuir  film  but  that  the  molecular  weight  was  much  lower  than  that  reported 
for  materials  produced  in  solution.  The  results  reported  in  Chapter  5 show  that  some  of 
the  material  had  molecular  weights  of  80  000  or  greater;  however,  the  polymerizations 
presented  in  Chapter  3 produced  no  detectable  material  of  such  high  molecular  weight. 
This  difference  may  be  due  to  the  reduced  polymerization  temperatures  used  in  Chapter  5. 
Wessling  reported  significant  viscosity  increases  of  PPV  when  the  temperature  was 
reduced  from  25  to  0°C.1 

Though  the  temperature  effects  may  be  important,  a more  significant  factor  in  the 
molecular  weight  reduction  may  have  been  the  reaction  atmosphere.  Care  was  taken  to 
reduce  the  amount  of  oxygen  in  the  subphase  and  atmosphere,  but  it  is  impossible  with  the 
equipment  available  to  eliminate  all  of  the  oxygen  in  the  reaction  environment.  Future 
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studies  of  this  polymerization  in  Langmuir  films  should  be  conducted  under  an  atmosphere  in 
which  oxygen  has  been  rigorously  excluded  (i.e.  a dry  box). 

Fluorescence  has  proven  to  be  the  most  valuable  tool  for  studying  the  small  amounts  of 
material  (<  100  pg)  recovered  in  these  reactions.  The  polymerization  of  the  alky  and  ester 
substituted  monomers  lead  to  fluorescence  spectra  with  at  434  and  464  nm,  respectively. 
These  wavelengths  are  slightly  blue  shifted  when  compared  to  the  bulk  polymerization  of  the 
alkyl  monomer  (Amax  at  480  nm). 

It  has  been  suggested  that  this  Langmuir  film  polymerization  technique  may  provide  a 
method  to  polymerize  monomers  with  base  sensitive  functional  groups.  This  was  illustrated  in 
Chapter  3,  in  which  FTIR  showed  that  the  base  sensitive  ester  group  remained  intact 
throughout  the  reaction.  The  fluorescence  data  presented  in  Chapter  5 suggested  that 
MONLOPH  copolymerized  with  MONC18  in  a Langmuir  film  and  that  increasing  the 
concentration  of  MONLOPH  lead  to  an  increased  intensity  of  the  Amax  centered  at  ca.  560  nm. 
The  solution  polymerization  of  MONC18  produced  a material  with  a fluorescence  spectrum 
that  was  comparable  to  that  produced  in  the  Langmuir  film,  but  the  solution  polymerization  of 
the  mixtures  and  pure  MONLOPH  lead  to  only  low  molecular  weight  material  by  GPC.  The 
fluorescence  spectrum  of  the  reacted  mixtures  appeared  to  be  a combination  of  the  spectra  of 
MONLOPH  and  polymerized  MONO  8 (POLYC18),  while  the  spectrum  of  the  MOLOPH 
remained  unchanged  after  reaction.  One  possible  reason  for  the  lack  of  polymerization  in 
solution  may  be  sterics  that  are  eliminated  when  the  monomers  are  organized  in  a film. 
However,  the  reason  for  the  lack  of  polymerization  in  solution  may  be  related  to  the  effect  that 
base  can  have  on  the  monomer.  Figure  6. 1 illustrates  the  proposed  deactivation  of  the 
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monomer  by  hydroxide.  In  this  mechanism,  base  attacks  the  imidazole  ring,  leaving  the 
unpaired  electrons  on  the  nitrogen  available  to  displace  the  sulfonium  salt  moiety,  and  thus, 
forming  the  unreactive,  ring  closed  product.  When  this  same  monomer  is  oriented  in  a 
Langmuir  film,  the  imidazole  ring  is  more  likely  to  be  oriented  out  of  the  subphase  and  is  less 
likely  to  have  contact  with  the  base;  therefore,  the  monomer  is  unlikely  to  be  deactivated  when 
in  a Langmuir  film.  These  results  reinforce  the  belief  that  this  technique  may  find  utility  in  the 
preparation  and  study  of  PPV  derivatives  with  base  sensitive  functional  groups. 


Figure  6.1.  The  proposed  mechanism  for  the  solution  deactivation  of  MONLOPH. 
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NMR  (13C  and  ’H)  spectra  of  the  solution  polymerized  MONLOPH  and  its  mixture 
were  collected;  however,  complex  spectra  resulted  that  indicated  a mixture  of  products  and 
made  compound  identification  difficult.  One  way  to  over  come  the  mixture  of  products  and 


determine  if  the  base  causes  ring  formation  would  be  to  prepare  the  model  compound  shown  in 
Figure  6.2.  The  reaction  of  base  with  this  compound  should  lead  to  one  compound  that  could 
be  easily  characterized. 


Figure  6.2.  Proposed  model  compound. 

Among  the  most  interesting  findings  in  this  work  was  the  Langmuir  and  LB  film 
formation  of  the  lophine  derivatives.  In  1993,  Moylen  et  al.  published  a report  on  the  nonlinear 
optical  (NLO)  properties  of  lophine  derivatives  and  several  other  five-member  heterocyclic 
systems.100  They  reported  that  these  materials  were  thermally  stable  and  were  significantly 
nonlinear.  The  work  reported  in  this  dissertation  examines  the  film  formation  of  one  of  these 
materials,  2-(4'-nitrophenyl)-4,5-(4'-methoxyphenyl)imidazole,  when  it  is  made  amphiphilic 
(8NO). 

There  are  numerous  examples  of  amphiphiles  that  have  been  prepared  in  LB  films  and 
studied  for  NLO  activity.118  These  films  are  attractive  for  this  application  because  the 
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molecules  are  highly  oriented,  film  thickness  can  be  controlled,  and  because  the  layer 
architecture  can  be  controlled  and  made  noncentrosymmetric.  Z-type  architectures  are  usually 
preferred,  but  can  be  difficult  to  obtain  and  rearrangement  to  the  more  stable  Y-type  film  after 
transfer  is  also  a problem.  The  transfer  ratios  and  the  X-ray  diffraction  data  from  the  LB  films 
of  8NO  transferred  from  copper(II)chloride  subphases  suggest  that  this  film  is  Z-type  and 
would  be  a good  candidate  to  investigate  for  NLO  activity.  The  stability  imparted  by  the 
complex  formation  between  the  Cu(II)  ions  and  the  imidazole  ring  may  be  an  important  factor 
in  preventing  amphiphile  rearrangement  after  transfer. 


APPENDIX 

CRYSTAL  TABLES  FOR  IM 


Table  1.  Crystal  data  and  structure  refinement  for  IM. 


Identification  code 

IM 

Empirical  formula 

C30  H28  N2  02 

Formula  weight 

448.54 

Temperature 

173(2) K 

Wavelength 

0.71073  A 

Crystal  system 

Monoclinic 

Space  group 

Cc 

Unit  cell  dimensions  a = 15.857(1)  A 

a=  90°. 

b=  18.496(1)  A 

b=  109.745(1)°. 

c = 8.9163(7)  A 

c = 90°. 

Volume 

2461.3(3)  A3 

Z 

4 

Density  (calculated) 

1.210  Mg/m3 

Absorption  coefficient 

0.076  mm"' 

F(000) 

952 

Crystal  size 

0.23  x 0.11  x 0.07  mm3 

Theta  range  for  data  collection 

1.75  to  27.50° 

Reflections  collected 

16393 

Independent  reflections 

3664  [R(int)  = 0.0561] 

Completeness  to  theta 

= 27.50°,  99.5  % 

Absorption  correction 

None 

Data  / restraints  / parameters 

664/  17  / 428 

Goodness-of-fit  on  F^ 

1.187 

Final  R indices  [I>2sigma(I)] 

R1=0. 0540, R2=0. 1061 

R indices  (all  data) 

1 =0.0790,  wR2  = 0.1 195 

Absolute  structure  parameter 

2) 

Extinction  coefficient 

0.0066(7) 

Largest  diff.  peak  and  hole 

0.197  and  -0.215  e.A'3 
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Table  2.  Atomic  coordinates  ( x 10^)  and  equivalent  isotropic  displacement  parameters 

(A2x  1C)3)  for  IM.  U(eq)  is  defined  as  one  third  of  the  trace  of  the  orthogonalized  Uli 
tensor. 


X 

y 

z 

U(eq) 

N1 

517(2) 

4962(1) 

3071(3) 

30(1) 

C2 

3006(2) 

4996(2) 

2081(4) 

29(1) 

N3 

2868(2) 

4413(1) 

1159(3) 

29(1) 

C4 

2266(2) 

3985(2) 

1586(4) 

30(1) 

C5 

2049(2) 

4322(2) 

2792(4) 

31(1) 

C6 

3561(2) 

5619(2) 

2014(4) 

29(1) 

C7 

3443(3) 

6279(2) 

2649(5) 

42(1) 

C8 

3972(3) 

6871(2) 

2567(5) 

50(1) 

C9 

4599(3) 

6802(2) 

1833(5) 

45(1) 

CIO 

4717(3) 

6153(2) 

1159(5) 

42(1) 

Cll 

4199(2) 

5561(2) 

1256(4) 

36(1) 

C12 

1906(2) 

3324(2) 

679(4) 

31(1) 

C13 

992(2) 

3185(2) 

101(4) 

38(1) 

C14 

640(3) 

2588(2) 

-847(5) 

41(1) 

015 

934(2) 

1528(1) 

-2215(4) 

65(1) 

C15 

1205(3) 

2125(2) 

-1254(4) 

41(1) 

C16 

2124(3) 

2242(2) 

-678(5) 

45(1) 

C17 

2473(3) 

2835(2) 

280(4) 

36(1) 

C18 

2(4) 

1458(2) 

-3056(6) 

70(1) 

C19 

1452(2) 

4119(2) 

3676(4) 

31(1) 

C20 

955(2) 

4638(2) 

4127(4) 

33(1) 

C21 

349(3) 

4445(2) 

4901(4) 

40(1) 

022 

367(2) 

3471(2) 

5865(3) 

56(1) 

C22 

246(3) 

3729(2) 

5210(4) 

43(1) 

C23 

766(3) 

3206(2) 

4833(5) 

47(1) 

C24 

1364(3) 

3399(2) 

4071(4) 

40(1) 

C25 

896(3) 

3993(3) 

6330(5) 

63(1) 

C26 

3139(12) 

5094(5) 

6350(20) 

111(6) 

C27 

2672(10) 

5670(8) 

5678(18) 

58(4) 

C28 

3132(10) 

6022(11) 

4300(30) 

73(6) 

C29 

2752(14) 

6586(7) 

3740(16) 

65(4) 

C30 

1848(12) 

6722(8) 

4470(20) 

60(3) 

C31 

1360(8) 

6348(9) 

5830(20) 

66(4) 

C32 

1785(10) 

5803(7) 

6401(14) 

59(3) 

C33 

3600(30) 

5130(20) 

5380(50) 

230(30) 

C34 

2850(20) 

5645(18) 

5380(60) 

99(17) 

C35 

3048(15) 

6231(19) 

4380(50) 

55(10) 

C36 

2400(20) 

6594(19) 

3960(40) 

78(13) 

C37 

1529(18) 

6525(16) 

5010(30) 

52(7) 

C38 

1322(19) 

6010(30) 

6180(40) 

88(13) 

C39 

1990(30) 

5560(20) 

6360(50) 

117(18) 
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Table  3.  Bond  lengths  [A]  and  angles  [°]  for  IM. 


N1-C2 

1.358(4) 

C26-H26A 

0.9800 

N1-C5 

1.375(4) 

C26-H26B 

0.9800 

Nl-Hl 

0.91(4) 

C26-H26C 

0.9800 

C2-N3 

1.328(4) 

C27-C32 

1.357(16) 

C2-C6 

1.465(4) 

C27-C28 

1.364(16) 

N3-C4 

1.389(4) 

C28-C29 

1.379(13) 

C4-C5 

1.383(4) 

C28-H28A 

0.9500 

C4-C12 

1.470(4) 

C29-C30 

1.383(15) 

C5-C19 

1.470(4) 

C29-H29A 

0.9500 

C6-C7 

1.385(5) 

C30-C31 

1.382(15) 

C6-C11 

1.396(4) 

C30-H30A 

0.9500 

C7-C8 

1.397(5) 

C31-C32 

1.401(16) 

C7-H7 

1.01(4) 

C31-H31A 

0.9500 

C8-C9 

1.368(5) 

C32-H32A 

0.9500 

C8-H8 

1.01(4) 

C33-C34 

1.521(17) 

C9-C10 

1.383(5) 

C33-H33A 

0.9800 

C9-H9 

1.01(4) 

C33-H33B 

0.9800 

C10-C11 

1.390(5) 

C33-H33C 

0.9800 

C10-H10 

0.99(4) 

C34-C39 

1.36(2) 

Cll-Hll 

0.99(4) 

C34-C35 

1.37(2) 

C12-C13 

1.388(5) 

C35-C36 

1.382(18) 

C12-C17 

1.404(5) 

C35-H35A 

0.9500 

C13-C14 

1.387(5) 

C36-C37 

1.389(19) 

C13-H13 

0.94(3) 

C36-H36A 

0.9500 

C14-C15 

1.374(5) 

C37-C38 

1.37(2) 

C14-H14 

0.90(4) 

C37-H37A 

0.9500 

015-C15 

1.374(4) 

C38-C39 

1.40(2) 

015-C18 

1.420(6) 

C38-H38A 

0.9500 

C15-C16 

1.389(5) 

C39-H39A 

0.9500 

C16-C17 

1.384(5) 

C2-N1-C1 

108.3(3) 

C16-H16 

1.03(4) 

C2-N1-H1 

123(2) 

C17-H17 

1.10(4) 

C5-N1-H1 

27(2) 

C18-H18A 

0.9800 

N3-C2-N1 

110.8(3) 

C18-H18B 

0.9800 

N3-C2-C6 

126.0(3) 

C18-H18C 

0.9800 

N1-C2-C6 

123.1(3) 

C19-C20 

1.387(5) 

C2-N3-C4 

106.1(2) 

C19-C24 

1.397(5) 

C5-C4-N3 

109.3(3) 

C20-C21 

1.405(5) 

C5-C4-C12 

130.5(3) 

C20-H20 

0.97(3) 

N3-C4-C12 

120.0(3) 

C21-C22 

1.374(5) 

N1-C5-C4 

105.6(3) 

C21-H21 

0.93(4) 

N1-C5-C19 

121.9(3) 

022-C22 

1.378(4) 

C4-C5-C19 

132.5(3) 

022-C25 

1.428(5) 

C7-C6-C11 

119.0(3) 

C22-C23 

1.384(6) 

C7-C6-C2 

120.7(3) 

C23-C24 

1.386(5) 

C11-C6-C2 

120.2(3) 

C23-H23 

1.05(4) 

C6-C7-C8 

120.2(3) 

C24-H24 

0.96(3) 

C6-C7-H7 

116(2) 

C25-H25A 

0.9800 

C8-C7-H7 

124(2) 

C25-H25B 

0.9800 

C9-C8-C7 

119.9(4) 

C25-H25C 

0.9800 

C9-C8-H8 

124(2) 

C26-C27 

1.528(11) 

C7-C8-H8 

116(2) 
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C8-C9-C10 

121.1(3) 

022-C25-H25B 

109.5 

C8-C9-H9 

115(2) 

H25A-C25-H25B 

109.5 

C10-C9-H9 

124(2) 

022-C25-H25C 

109.5 

C9-C10-C11 

119.1(3) 

H25A-C25-H25C 

109.5 

C9-C10-H10 

125(2) 

H25B-C25-H25C 

109.5 

C11-C10-H10 

116(2) 

C27-C26-H26A 

109.5 

C10-C11-C6 

120.7(3) 

C27-C26-H26B 

109.5 

C10-C11-H11 

123(2) 

H26A-C26-H26B 

109.5 

C6-C11-H11 

116(2) 

C27-C26-H26C 

109.5 

C13-C12-C17 

117.6(3) 

H26A-C26-H26C 

109.5 

C13-C12-C4 

121.5(3) 

H26B-C26-H26C 

109.5 

C17-C12-C4 

120.8(3) 

C32-C27-C28 

119.6(9) 

C14-C13-C12 

121.9(3) 

C32-C27-C26 

120.1(13) 

C14-C13-H13 

117(2) 

C28-C27-C26 

120.1(15) 

C12-C13-H13 

121(2) 

C27-C28-C29 

121.4(13) 

C15-C14-C13 

119.5(4) 

C27-C28-H28A 

119.3 

C15-C14-H14 

123.0(2) 

C29-C28-H28A 

119.3 

C13-C14-H14 

117(2) 

C28-C29-C30 

118.5(11) 

C15-015-C18 

116.9(3) 

C28-C29-H29A 

120.8 

015-C15-C14 

124.9(3) 

C30-C29-H29A 

120.8 

015-C15-C16 

115.1(3) 

C31-C30-C29 

120.4(12) 

C14-C15-C16 

120.1(3) 

C31-C30-H30A 

119.8 

C17-C16-C15 

120.2(3) 

C29-C30-H30A 

119.8 

C17-C16-H16 

123(2) 

C30-C31-C32 

118.9(10) 

C15-C16-H16 

117(2) 

C30-C31-H31A 

120.5 

C16-C17-C12 

120.7(3) 

C32-C31-H31A 

120.6 

C16-C17-H17 

124.0(18) 

C27-C32-C31 

120.4(9) 

C12-C17-H17 

115.3(18) 

C27-C32-H32A 

119.8 

015-C18-H18A 

109.5 

C31-C32-H32A 

119.8 

015-C18-H18B 

109.5 

C34-C33-H33A 

109.4 

H18A-C18-H18B 

109.5 

C34-C33-H33B 

109.5 

015-C18-H18C 

109.5 

H33A-C33-H33B 

109.5 

H18A-C18-H18C 

109.5 

C34-C33-H33C 

109.5 

H18B-C18-H18C 

109.5 

H33A-C33-H33C 

109.5 

C20-C19-C24 

118.2(3) 

H33B-C33-H33C 

109.5 

C20-C19-C5 

120.7(3) 

C39-C34-C35 

118.4(18) 

C24-C19-C5 

121.1(3) 

C39-C34-C33 

122(3) 

C19-C20-C21 

121.1(3) 

C35-C34-C33 

119(3) 

C19-C20-H20 

119.8(19) 

C34-C35-C36 

122(2) 

C21-C20-H20 

119.1(19) 

C34-C35-H35A 

118.9 

C22-C21-C20 

119.4(4) 

C36-C35-H35A 

118.9 

C22-C21-H21 

122(2) 

C35-C36-C37 

115.6(18) 

C20-C21-H21 

119(2) 

C35-C36-H36A 

122.2 

C22-022-C25 

117.2(3) 

C37-C36-H36A 

122.2 

C21-C22-022 

124.5(3) 

C38-C37-C36 

120.3(19) 

C21-C22-C23 

120.3(3) 

C38-C37-H37A 

119.8 

022-C22-C23 

115.1(3) 

C36-C37-H37A 

119.8 

C22-C23-C24 

120.0(4) 

C37-C38-C39 

120(2) 

C22-C23-H23 

121(2) 

C37-C38-H38A 

119.8 

C24-C23-H23 

119(2) 

C39-C38-H38A 

119.8 

C23-C24-C19 

120.9(3) 

C34-C39-C38 

119(2) 

C23-C24-H24 

121.1(19) 

C34-C39-H39A 

120.4 

C19-C24-H24 

118.0(19) 

C38-C39-H39A 

120.4 

022-C25-H25A 

109.5 

Table  4.  Anisotropic  displacement  parameters  (A2x  103)  for  jb05.  The  anisotropic 
displacement  factor  exponent  takes  the  form:  -2n2[  h2  a*2!!11  + ...  + 2 h k a*  b*  U12  ] 
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U"  U22  U33  U23  U13  u12 


N1 

35(2) 

31(1) 

23(1) 

C2 

31(2) 

32(2) 

23(2) 

N3 

34(2) 

29(1) 

26(1) 

C4 

30(2) 

30(2) 

28(2) 

C5 

37(2) 

31(2) 

25(2) 

C6 

31(2) 

32(2) 

23(2) 

Cl 

50(3) 

40(2) 

44(2) 

C8 

68(3) 

37(2) 

55(3) 

C9 

46(2) 

40(2) 

49(2) 

CIO 

37(2) 

45(2) 

47(2) 

Cll 

36(2) 

33(2) 

37(2) 

C12 

37(2) 

32(2) 

27(2) 

C13 

34(2) 

40(2) 

41(2) 

C14 

36(2) 

47(2) 

39(2) 

015 

65(2) 

44(2) 

78(2) 

C15 

46(2) 

32(2) 

42(2) 

C16 

49(2) 

35(2) 

51(2) 

C17 

36(2) 

34(2) 

40(2) 

C18 

74(4) 

58(3) 

68(3) 

C19 

33(2) 

38(2) 

24(2) 

C20 

35(2) 

36(2) 

31(2) 

C21 

37(2) 

49(2) 

38(2) 

022 

55(2) 

70(2) 

55(2) 

C22 

42(2) 

54(2) 

35(2) 

C23 

56(3) 

47(2) 

45(2) 

C24 

49(2) 

40(2) 

38(2) 

C25 

51(3) 

90(3) 

59(3) 

C26177(14) 

64(6) 

125(12) 

C27 

80(9) 

49(8) 

58(7) 

C28 

55(7) 

56(10) 

92(11) 

C29  85(11) 

46(6) 

63(6) 

C30  72(10) 

55(6) 

57(9) 

C31 

40(6) 

72(10) 

80(12) 

C32 

65(8) 

62(9) 

46(5) 

C33300(50) 

300(50) 

170(30) 

C34 100(30) 

60(20) 

120(30) 

C35  36(12) 

46(19) 

69(16) 

C36  49(19) 

90(20) 

100(20) 

C37  61(17) 

45(14) 

35(13) 

C38  70(20) 

110(30) 

65(17) 

C39150(40) 

100(30) 

80(20) 

0(1) 

11(1) 

-2(1) 

2(1) 

9(1) 

1(D 

KD 

12(1) 

-2(1) 

3(D 

8(1) 

-KD 

3(D 

10(1) 

-KD 

2(1) 

6(1) 

-2(1) 

-7(2) 

26(2) 

-12(2) 

-8(2) 

32(2) 

-13(2) 

1(2) 

16(2) 

-14(2) 

4(2) 

17(2) 

-3(2) 

4(2) 

12(2) 

-1(2) 

KD 

14(2) 

-3(1) 

-5(2) 

15(2) 

-3(2) 

-4(2) 

10(2) 

-12(2) 

-24(2) 

13(2) 

-14(2) 

-5(2) 

12(2) 

-13(2) 

-6(2) 

19(2) 

2(2) 

-2(2) 

14(2) 

-4(2) 

-17(3) 

11(3) 

-27(2) 

0(1) 

12(1) 

-9(2) 

-2(2) 

13(2) 

-8(2) 

-7(2) 

18(2) 

-8(2) 

1(2) 

35(2) 

-17(2) 

-2(2) 

16(2) 

-12(2) 

5(2) 

26(2) 

-10(2) 

2(2) 

23(2) 

-3(2) 

-9(3) 

35(2) 

-16(2) 

-10(6) 

91(11) 

-36(7) 

1(5) 

42(7) 

-6(6) 

-8(9) 

4(6) 

-6(5) 

3(5) 

22(7) 

9(6) 

4(5) 

28(8) 

0(7) 

-19(9) 

11(8) 

-1(6) 

-7(4) 

11(5) 

21(6) 

-160(30) 

190(40) 

-280(40) 

-30(20) 

10(20) 

2(17) 

-15(15) 

-2(11) 

18(12) 

38(16) 

27(18) 

59(18) 

12(10) 

-4(12) 

-3(10) 

0(20) 

1(14) 

30(20) 

35(19) 

0(20) 

10(20) 
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Table  5.  Hydrogen  coordinates  ( x 104)  and  isotropic  displacement  parameters  (A2x  10  3) 
for  EM. 


X 

y 

z 

U(eq) 

H8 

3890(30) 

7320(20) 

3140(50) 

49(11) 

H9 

4950(30) 

7260(20) 

1810(50) 

59(12) 

H10 

5160(30) 

6074(19) 

600(40) 

42(10) 

Hll 

4280(30) 

5080(20) 

870(50) 

51(11) 

HI 

2600(30) 

5270(20) 

3910(50) 

55(12) 

H7 

2940(30) 

6306(18) 

3100(40) 

46(11) 

H13 

590(20) 

3492(17) 

360(40) 

31(9) 

H14 

40(30) 

2530(19) 

-1180(40) 

42(11) 

H16 

2520(30) 

1885(19) 

-1020(50) 

47(10) 

H17 

3190(20) 

2971(18) 

740(40) 

36(9) 

H18A 

-108 

1015 

-3696 

105 

H18B 

-209 

1876 

-3757 

105 

H18C 

-321 

1433 

-2294 

105 

H20 

1020(20) 

5147(18) 

3900(40) 

30(9) 

H21 

50(30) 

4810(20) 

5240(40) 

43(10) 

H23 

710(30) 

2660(20) 

5120(50) 

60(12) 

H24 

1720(20) 

3042(17) 

3790(40) 

30(9) 

H25A 

-1303 

3745 

6778 

94 

H25B 

-1245 

4275 

5397 

94 

H25C 

-501 

4317 

7134 

94 

H26A 

-3775 

5075 

5696 

167 

H26B 

-3079 

5217 

7447 

167 

H26C 

-2863 

4622 

6325 

167 

H28A 

-3727 

5876 

3713 

88 

H29A 

-3104 

6874 

2872 

78 

H30A 

-1560 

7075 

4039 

72 

H31A 

-747 

6459 

6368 

80 

H32A 

-1450 

5525 

7301 

71 

H33A 

-3351 

4748 

6175 

342 

H33B 

-3856 

4908 

4324 

342 

H33C 

-4061 

5395 

5644 

342 

H35A 

-3651 

6393 

3964 

66 

H36A 

-2541 

6872 

3007 

94 

H37A 

-1074 

6839 

4918 

63 

H38A 

-720 

5952 

6873 

106 

H39A 

-1849 

5196 

7168 
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